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New Zealand is dominated by its agricultural industry with one of the most intensive farming 
practices being that of intensive dairying. New Zealand currently has approximately 5.3 
million dairy cows that excrete up to 2.2 L of urine, per urination event, up to 12 times per 
day. This equates to 5.1 x1010 L per year or enough urine to fill over 1.2 million milk tankers. 
This sheer volume of urine and its associated N content has implications for the cycling of N 
within the pasture soils utilised, and New Zealand’s greenhouse gas budget due to the 
emission of N2O from urine affected areas. The emission of nitric oxide (NO) from 
agricultural systems is also receiving increasing attention due to concerns about alterations in 
the balance of atmospheric trace gases and sinks. Worldwide there is a dearth of information 
with respect to the emissions of NO from urine-N deposition onto soils with only two in situ 
studies and no studies on the effects of soil pH, environmental variables or urine-N rate on 
NO fluxes. This present study has provided some fundamental information on the factors and 
processes affecting the emission of NO from bovine urine applied to pasture soils. Five 
experiments were performed in total; three laboratory experiments and two field experiments. 
 
The first laboratory experiment (chapter 4) examined the effect of the initial soil pH on 
NOx emissions from urine-N applied at 500 kg N ha-1. Soil was treated to alter the initial soil 
pH over the range of 4.4 to 7.6. Initial soil pH affected rates of nitrification which in turn 
affected the decline in soil pH. Emissions of NO increased with increasing soil pH. However, 
a strong positive linear relationship was established between the NO-N flux, expressed as a 
percentage of the net NH4+-N depletion rate, and the level of soil acidity. The NO-N fluxes 
were higher under the more acidic soil conditions where N turnover was lower. The fluxes of 
N2O did not follow the same pattern and were attributed to biological mechanisms. 
 ii
 In experiment two (chapter 5) the objectives were to concurrently examine the effects of 
varying the soil temperature and the water-filled pore space (WFPS) on NOx emissions from 
urine-N. In this experiment increasing the soil temperature enhanced both the rate of 
nitrification and the rate of decrease in soil pH. The relationship between the net NO-N flux, 
expressed as a percentage of the net NH4+-N depletion rate, and the level of soil acidity was 
again demonstrated at the warmest soil temperature (22oC) where soil acidification had 
progressed sufficiently to enable abiotic NO formation. The NO-N fluxes increased with 
decreasing soil moisture and increasing soil acidity indicating abiotic factors were responsible 
for NO production. The Q10 response of the NO flux between 5 to 15oC decreased from 4.3 to 
1.5 as WFPS increased from 11% to 87% respectively. Fluxes of N2O increased with 
increasing WFPS and temperature indicating that denitrification was the dominant process. 
 
Results from experiments 2 and 3 indicated that the rate of nitrification had a direct 
bearing on the ensuing soil acidity and that it was this in conjunction with the available 
inorganic-N pools that affected NOx production. Therefore the third experiment examined the 
effect of urine-N rate on NOx emissions, with urine-N rate varied over 5 levels from 0 to 1000 
kg N ha-1, the highest rate being that found under maximal urine-N inputs to pasture. Rates of 
nitrification were diminished at the highest rates of urine-N applied and decreases in soil 
acidity were not as rapid due to this. Again significant but separate linear relationships were 
developed, for each urine-N rate used, between the NO-N flux, expressed as a percentage of 
the net NH4+-N depletion rate, and the level of soil acidity. The slope of these relationships 
increased with increasing urine-N rate. The NO-N flux, expressed as a percentage of the net 
NH4+-N depletion rate, versus soil acidity was higher under 1000 kg N ha-1, despite the lower 
soil acidity in this treatment. This indicated that the enhanced inorganic-N pool was also 
playing a role in increasing the NO flux. The N2O fluxes were of limited duration in this 
experiment possibly due to conditions being disadvantageous for denitrification. 
 
In the field experiments two urine-N rates were examined under both summer and 
winter conditions at two urine-N rates. The emission factors after 71 days for NO-N in the 
summer were 0.15 and 0.20% of the urine-N applied for the 500 and 1000 kg N ha-1 rates 
respectively while the respective N2O-N fluxes were 0.14 and 0.16%. Under winter conditions 
the emission factors after 42 days for NO-N were <0.001% of the urine-N applied regardless 
of urine-N rate while the N2O-N fluxes were 0.05 and 0.09% for the 500 and 1000 kg N ha-1 
urine-N rates respectively. The relationships and predictors of NO-N flux determined in the 
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laboratory studies did not serve as strong indicators of the NO-N flux under summer 
conditions. Low emissions from urine-N over winter were due to the low soil temperatures 
and high WFPS. 
 
These studies have demonstrated that soil chemical and environmental variables 
influence the production of NOx and N2O emissions from urine-N applied to soil and that 
seasonal effects have a significant impact on the relative amounts of NO-N and N2O-N 
emitted from urine patches. Suggestions for future work are also made. 
 iv
Acknowledgements 
I am deeply thankful to Almighty Allah, who provided me the strength and guidance to 
survive through all hardships I have encountered throughout my life. 
I owe my deepest gratitude to Associate Professor Tim Clough. It would have been next 
to impossible to complete this journey without his help and intensive guidance during the 
whole period of my study. His, support and encouragement from start to finish enabled me to 
develop an understanding of the subject. I have not the words to thank him for his extreme 
patience and guidance. I am also extremely thankful to Professor Kuan Goh who always 
helped me whenever I needed him with his constructive criticism. He has been like a mentor 
to me and encouraged me to finish my study in time. My sincere thanks also go to Associate 
Professor Rob Sherlock for helping me whenever needed and for providing the facilities to 
work within the department. 
I would also like to express my appreciation and thanks to all those who have 
contributed to the work presented in this thesis. Roger Cresswell for helping me with the 
Mass Spectrometery and LMA-3D and other help from time to time with his nice and friendly 
attitude. 
My sincere thanks also go to Neil Smith, who helped me with soil sampling and sowing the 
soil for laboratory experiments. 
The late Alastair Galbraith and Lewis Jennings helped me technically with LMA-3D repairs. 
Jason Breitmeyer, Angela Reid, Joy Jiao, and Qian Liang for analysing samples on FIA. 
David wales, Ketan Kolhe, and Manjula Premaratne for doing the gas samples on GC.  
Ikram helped me with taking the LMA-3D machine to the field and with urine collection. 
Trevor Hendry helped me also with cow urine collection. Amanda Clifford for providing the 
chemicals and other laboratory needs on time during the experimental period. 
I am also thankful to the whole soil science department for their friendly behaviour, especially 
Amal Torkey for her cheerfulness. 
My sincere thanks also go to my fellow post graduate students especially Janet Bertram 
and Debbie Kapal, who helped me whenever I needed them. My thanks also go to other 
previous and present post graduate students Kelly Leers, Arezoo Taghizadehtoosi, Dewi 
Krisnayanthi, Shuang Jiang, Yoshi Uchida, Amanda Black, Vicky Nall, Sam Carrick, 
Matthew Hughes, Laure Steiner, Shengjing Shi, Laura Buckthought, Pranoy Pal, Ogi 
Mojsilovic, Naomi Wells, Connie Wong, Giti Talebi Gheshlagi, Nimlesh, Diana Selbie, 
Karen Roberts, Sally Price, and Davidson Lloyd, for their company and support. 
 v
I am also very grateful to all my friends and relatives who helped me and prayed for my 
success throughout this lengthy process here and in Pakistan. 
I am thankful to my Pakistani friends Gul-e-Rana, Sharafat, Shazia, Mehnaz, Kokab, 
Gulmeena, and Sitara, and their families for looking after my kids and helping us with 
providing delicious food and moral support. I am also very thankful to all my Pakistani 
community for their support. 
I am also indebted to both my own family and my husband’s family who care about me and 
prayed for my success. 
Finally, I am dedicating this thesis to my parents, my late mother-in-law, my husband and to 
my two beautiful daughters who encouraged me, helped me, loved me, cherished me and 
prayed for me all the time to accomplish this task of my life.  
 
 
 
 vi
Table of Contents 
Abstract .................................................................................................................................................................. ii 
Acknowledgements................................................................................................................................................ v 
Table of Contents.................................................................................................................................................vii 
List of Tables......................................................................................................................................................... xi 
List of Figures ..................................................................................................................................................... xiv 
List of Plates......................................................................................................................................................... xx 
Chapter 1 Introduction ......................................................................................................................................... 1 
Chapter 2 Review of Literature ........................................................................................................................... 3 
2.1 INTRODUCTION ..................................................................................................................................... 3 
2.2 GLOBAL SIGNIFICANCE AND BUDGETS FOR NOX ................................................................................... 3 
2.3 PRODUCTION MECHANISMS OF NOX AND N2O IN SOILS......................................................................... 5 
2.4 CONSUMPTION OF NO AND N2O IN SOILS.............................................................................................. 8 
2.5 NOX EMISSIONS FROM URINE PATCHES.................................................................................................. 9 
2.6 REGULATING FACTORS OF NO AND N2O EMISSIONS FROM SOILS.......................................................... 9 
2.6.1 Substrate supply............................................................................................................................... 9 
2.6.2 Soil pH........................................................................................................................................... 10 
2.6.3 Soil moisture and aeration............................................................................................................. 12 
2.6.4 Temperature .................................................................................................................................. 13 
2.6.5 Effects of Plants and carbon supply on NOx emissions................................................................. 13 
2.7 RESEARCH OBJECTIVES....................................................................................................................... 14 
Chapter 3 Materials and Methods ..................................................................................................................... 15 
3.1 INTRODUCTION ................................................................................................................................... 15 
3.2 ANALYSIS OF NOX AND DETERMINATION OF STANDARD CURVES........................................................ 15 
3.3 CALIBRATION PROCEDURE .................................................................................................................. 17 
3.4 DETERMINATION OF NOX FLUXES ....................................................................................................... 19 
3.5 DETERMINATION OF N2O FLUXES ....................................................................................................... 21 
3.6 SOIL MEASUREMENTS ......................................................................................................................... 22 
3.6.1 Soil pH........................................................................................................................................... 22 
3.6.2 Soil inorganic-N determinations.................................................................................................... 22 
3.6.3 Water-filled pore space ................................................................................................................. 22 
3.6.4 Meteorological data and soil temperature .................................................................................... 23 
3.7 STATISTICAL ANALYSES...................................................................................................................... 23 
3.8 FIELD EXPERIMENTAL SITE.................................................................................................................. 24 
3.9 LABORATORY EXPERIMENTS............................................................................................................... 25 
Chapter 4 Influence of soil pH on NOx and N2O emissions from bovine urine applied to soil cores............ 27 
4.1 RATIONALE ......................................................................................................................................... 27 
4.2 MATERIALS AND METHODS ................................................................................................................ 28 
4.2.1 Soil pH adjustment and moisture content ...................................................................................... 28 
4.2.2 Treatments and Experimental Design............................................................................................ 28 
4.2.3 Soil sampling and analyses............................................................................................................ 28 
4.2.4 N2O and NO Sampling and analyses ............................................................................................. 29 
4.2.5 HNO2 calculation .......................................................................................................................... 29 
4.2.6 Statistical analyses ........................................................................................................................ 29 
4.3 RESULTS ............................................................................................................................................. 30 
4.3.1 Soil NH4+-N concentrations........................................................................................................... 30 
4.3.2 Soil NO2--N concentrations............................................................................................................ 31 
4.3.3 Soil NO3--N concentrations............................................................................................................ 36 
4.3.4 Net NH4+-N depletion and NO3- -N accumulation rates ................................................................ 37 
4.3.5 Soil ammonium: nitrate ratio......................................................................................................... 39 
4.3.6 Soil surface pH .............................................................................................................................. 40 
4.3.7 Theoretical HNO2 concentrations ................................................................................................. 41 
4.3.8 NOx fluxes ...................................................................................................................................... 43 
 vii
4.3.8.1 Net NH4+-N depletion and NOx fluxes .................................................................................................46 
4.3.9 N2O fluxes...................................................................................................................................... 50 
4.3.9.1 Net NH4+-N depletion and N2O fluxes between up until day 14. .........................................................53 
4.3.10 N2O-N: NO-N Ratio .................................................................................................................. 55 
4.3.11 WFPS ........................................................................................................................................ 57 
4.4 REGRESSION ANALYSIS ....................................................................................................................... 58 
4.4.1 Prediction of NO-N fluxes. ............................................................................................................ 58 
4.4.2 Prediction of N2O-N ...................................................................................................................... 60 
4.5 DISCUSSION ........................................................................................................................................ 61 
4.5.1 Inorganic-N transformations and changes in soil pH ................................................................... 61 
4.5.2 HNO2 concentrations..................................................................................................................... 62 
4.5.3 NO-N and N2O-N fluxes until day 11............................................................................................. 62 
4.5.4 NO-N fluxes at initial pH 4.4......................................................................................................... 64 
4.5.5 NO-N and N2O-N fluxes after day 11 ............................................................................................ 65 
4.5.6 Cumulative NO-N and N2O-N fluxes ............................................................................................. 66 
4.5.7 Regression analysis ....................................................................................................................... 67 
4.6 CONCLUSIONS ..................................................................................................................................... 67 
Chapter 5 Effects of moisture and temperature on NOx and N2O gases emissions from bovine urine 
applied to soil cores. ............................................................................................................................................ 69 
5.1 RATIONALE ......................................................................................................................................... 69 
5.2 MATERIALS AND METHODS ................................................................................................................ 70 
5.2.1 Treatments and Experimental Design............................................................................................ 70 
5.2.2 Sampling protocols and data analysis ........................................................................................... 70 
5.3 RESULTS ............................................................................................................................................. 71 
5.3.1 Soil NH4+-N concentrations........................................................................................................... 71 
5.3.2 Soil NO2- -N concentrations........................................................................................................... 75 
5.3.3 Soil NO3- -N concentrations........................................................................................................... 82 
5.3.4 Net NH4+-N depletion and NO3- -N accumulation rates ................................................................ 85 
5.3.5 Soil NH4+ -N: NO3- -N ratio........................................................................................................... 87 
5.3.6 Soil surface pH .............................................................................................................................. 89 
5.3.7 Theoretical HNO2 concentrations ................................................................................................. 91 
5.3.8 NOx fluxes ...................................................................................................................................... 93 
5.3.8.1 Relationship between soil temperature and NO-N fluxes.....................................................................97 
5.3.8.2 Net NH4+-N depletion and NOx fluxes .................................................................................................99 
5.3.9 N2O fluxes.................................................................................................................................... 101 
5.3.9.1 Relationship between soil temperature and N2O-N fluxes .................................................................109 
5.3.10 N2O-N: NO-N ratio................................................................................................................. 111 
5.3.11 Water-Filled Pore Spaces (WFPS) ......................................................................................... 113 
5.4 REGRESSION ANALYSIS ..................................................................................................................... 115 
5.4.1 Prediction of NO-N fluxes ........................................................................................................... 115 
5.4.2 N2O regression analysis .............................................................................................................. 121 
5.5 DISCUSSION ...................................................................................................................................... 125 
5.5.1 Soil inorganic-N and pH dynamics.............................................................................................. 125 
5.5.2 Theoretical HNO2 and NO fluxes. ............................................................................................... 126 
5.5.3 N2O-N fluxes and N2O: NO-N ratios. .......................................................................................... 131 
5.6 CONCLUSIONS ................................................................................................................................... 132 
Chapter 6 Effects of urine-N application rates on NOx and N2O gases emissions under controlled 
conditions ........................................................................................................................................................... 135 
6.1 RATIONALE ....................................................................................................................................... 135 
6.2 MATERIALS AND METHODS ............................................................................................................... 135 
6.2.1 Treatments and Experimental Design.......................................................................................... 135 
6.2.2 Soil sampling and Analysis.......................................................................................................... 136 
6.2.3 N2O and NOx sampling and analyses .......................................................................................... 136 
6.2.4 Statistical Analysis....................................................................................................................... 136 
6.3 RESULTS ........................................................................................................................................... 137 
6.3.1 Soil NH4+-N concentrations......................................................................................................... 137 
6.3.2 Soil NO2--N concentrations.......................................................................................................... 138 
6.3.3 Soil NO3--N concentrations.......................................................................................................... 139 
6.3.4 Net NH4+-N depletion and NO3- -N accumulation rates .............................................................. 142 
6.3.5 Soil pH......................................................................................................................................... 143 
6.3.6 Theoretical HNO2 concentrations ............................................................................................... 145 
 viii
6.3.7 NOx fluxes .................................................................................................................................... 146 
6.3.7.1 NO-N flux rate as a percentage of the net NH4+-N depletion rate for days 19-25. .............................150 
6.3.8 N2O fluxes.................................................................................................................................... 152 
6.3.9 N2O-N: NO-N ratio...................................................................................................................... 155 
6.3.10 Soil WFPS............................................................................................................................... 156 
6.4 REGRESSION ANALYSIS ..................................................................................................................... 157 
6.4.1 Prediction of NO-N fluxes ........................................................................................................... 157 
6.4.2 Prediction of N2O-N fluxes .......................................................................................................... 161 
6.5 DISCUSSION ...................................................................................................................................... 162 
6.5.1 Soil inorganic-N and pH dynamics.............................................................................................. 162 
6.5.2 Theoretical HNO2 and NO fluxes ................................................................................................ 163 
6.5.3 N2O-N fluxes and N2O: NO-N ratios. .......................................................................................... 167 
6.6 CONCLUSIONS ................................................................................................................................... 168 
Chapter 7 In situ determination of NO and N2O from cow-urine applied to a pasture soil under summer 
conditions ........................................................................................................................................................... 169 
7.1 EXPERIMENTAL RATIONALE ............................................................................................................. 169 
7.2 MATERIALS AND METHODS .............................................................................................................. 170 
7.2.1 Field experimental design and treatments................................................................................... 170 
7.2.2 Soil sampling and analyses.......................................................................................................... 171 
7.2.3 N2O and NO Sampling and analyses ........................................................................................... 171 
7.2.4 Meteorological data and soil temperature .................................................................................. 172 
7.2.5 Statistical analyses ...................................................................................................................... 172 
7.3 RESULTS ........................................................................................................................................... 173 
7.3.1 Soil NH4+-N concentrations......................................................................................................... 173 
7.3.2 Soil NO2--N concentrations.......................................................................................................... 174 
7.3.3 Soil NO3--N concentrations.......................................................................................................... 176 
7.3.4 Net NH4+-N depletion rates ......................................................................................................... 177 
7.3.5 Soil ammonium: nitrate ratio....................................................................................................... 178 
7.3.6 Soil surface pH ............................................................................................................................ 179 
7.3.7 Theoretical HNO2 concentrations ............................................................................................... 182 
7.3.8 Rainfall and Water Filled Pore Space (WFPS) ........................................................................... 184 
7.3.9 Soil temperature .......................................................................................................................... 185 
7.3.10 NOx fluxes ............................................................................................................................... 186 
7.3.11 N2O fluxes ............................................................................................................................... 187 
7.3.12 N2O-N: NO-N ratio................................................................................................................. 188 
7.4 REGRESSION ANALYSIS ..................................................................................................................... 189 
7.4.1 Prediction of NO-N fluxes ........................................................................................................... 189 
7.4.2 Prediction of N2O-N fluxes .......................................................................................................... 194 
7.5 DISCUSSION ...................................................................................................................................... 198 
7.5.1 Soil inorganic-N and pH dynamics.............................................................................................. 198 
7.5.2 Theoretical HNO2 , NO-N and N2O-N fluxes............................................................................... 200 
7.6 CONCLUSIONS ................................................................................................................................... 203 
Chapter 8 Fluxes of NO and N2O from cow-urine treated pasture soil and the effect of different soil 
factors affecting their production and emissions during winter period ....................................................... 205 
8.1 EXPERIMENTAL RATIONALE ............................................................................................................. 205 
8.2 MATERIALS AND METHOD ................................................................................................................ 206 
8.2.1 Soil sampling and analyses.......................................................................................................... 206 
8.2.2 N2O and NO Sampling and analyses ........................................................................................... 206 
8.3 RESULTS ........................................................................................................................................... 207 
8.3.1 Soil NH4+-N concentrations......................................................................................................... 207 
8.3.2 Soil NO2- -N concentrations ......................................................................................................... 208 
8.3.3 Soil NO3--N .................................................................................................................................. 209 
8.3.4 Net NH4+-N depletion rates ......................................................................................................... 210 
8.3.5 Soil surface pH ............................................................................................................................ 211 
8.3.6 Theoretical HNO2 concentrations ............................................................................................... 212 
8.3.7 Rainfall and Water-Filled Pore Space (WFPS)........................................................................... 213 
8.3.8 Soil temperature .......................................................................................................................... 214 
8.3.9 NOx fluxes .................................................................................................................................... 215 
8.3.10 N2O fluxes ............................................................................................................................... 216 
8.3.11 N2O-N:NO-N ratio.................................................................................................................. 217 
8.4 REGRESSION ANALYSIS ..................................................................................................................... 218 
 ix
8.4.1 Prediction of NO-N fluxes. .......................................................................................................... 218 
8.4.2 Prediction of N2O-N fluxes .......................................................................................................... 218 
8.5 DISCUSSION ...................................................................................................................................... 219 
8.5.1 Soil inorganic-N, moisture, temperature and pH dynamics ........................................................ 219 
8.5.2 Theoretical HNO2, NO-N and N2O-N fluxes................................................................................ 220 
8.5.3 Comparison with other in situ winter studies .............................................................................. 221 
8.6 CONCLUSIONS ................................................................................................................................... 222 
Chapter 9 General conclusions and future work............................................................................................ 223 
9.1 INTRODUCTION ................................................................................................................................. 223 
9.2 WHY WAS NO NO2 FLUX MEASURED? ............................................................................................... 223 
9.3 SOIL PH AND NO-N FLUXES.............................................................................................................. 223 
9.4 SOIL TEMPERATURE AND MOISTURE AND NO-N FLUXES.................................................................. 224 
9.5 N2O-N FLUXES.................................................................................................................................. 225 
9.6 REGRESSION ANALYSES .................................................................................................................... 225 
9.7 FUTURE STUDIES ............................................................................................................................... 226 
References .......................................................................................................................................................... 227 
 
 
 x
List of Tables 
Table 2-1 Global Inventory of NO Emissions from Soils (Davidson & Kingerlee, 1997) ..................4 
Table 3-1 Physical and chemical characteristics of soil at the field site. ...........................................24 
Table 3-2 Physical and chemical characteristics of soil used in the laboratory experiments.............25 
Table 4-1 Bivariate correlation between measured soil variables and gaseous N (NO-N and N2O-
N) fluxes for data sets pooled over time for the experimental period. ..............................33 
Table 4-2 Bivariate correlation between measured soil variables and gaseous N (NO-N and N2O-
N) fluxes for day 7.............................................................................................................33 
Table 4-3 Bivariate correlation between measured soil variables and gaseous N (NO-N and N2O-
N) fluxes for day 14...........................................................................................................34 
Table 4-4 Bivariate correlation between measured soil variables and gaseous N (NO-N and N2O-
N) fluxes for day 21...........................................................................................................34 
Table 4-5 Bivariate correlation between measured soil variables and gaseous N (NO-N and N2O-
N) fluxes for day 28...........................................................................................................35 
Table 4-6 Bivariate correlation between measured soil variables and gaseous N (NO-N and N2O-
N) fluxes for day 35...........................................................................................................35 
Table 4-7 Net NH4+-N depletion and net NO3- -N accumulation rates in urine affected soil as 
influenced by initial soil pH treatments. (n = 15, number of samples used for each 
individual pH calculation). ................................................................................................38 
Table 4-8 Correlation coefficients between the soil NH4+-N: NO3- -N ratio and initial soil pH 
treatment at each sampling time for the urine treated soil. ................................................39 
Table 4-9 Results of multiple linear regression for log10NO-N (µg m-2h-1) of urine treated soils at 
individual sampling occasions across all initial soil pH treatments. .................................59 
Table 4-10 Results of multiple linear regression for log10NO-N (µg m-2h-1) of urine treated soils at 
different initial soil pH treatments over time.....................................................................59 
Table 4-11 Results of multiple linear regression for log10N2O-N (µg m-2h-1) of urine treated soils 
at individual sampling occasions across all initial soil pH treatments...............................60 
Table 4-12 Results of multiple linear regression for log10N2O-N (µg m-2h-1) of urine treated soils 
at different initial soil pH treatments over time. ................................................................60 
Table 5-1 Pearson correlation between measured soil variables and NO-N fluxes at day 7..............79 
Table 5-2 Pearson correlation between measured soil variables and NO-N fluxes at day 14............79 
Table 5-3 Pearson correlation between measured soil variables and NO-N fluxes at day 21............80 
Table 5-4 Pearson correlation between measured soil variables and NO-N fluxes at day 28............80 
Table 5-5 Pearson correlation between measured soil variables and NO-N fluxes at day 35............81 
Table 5-6 Pearson correlation between measured soil variables and NO-N fluxes for data sets 
pooled over the experimental period. ................................................................................81 
Table 5-7 Net NH4+-N depletion and net NO3- -N accumulation rates in urine affected soil as 
influenced by soil temperature (n = 60) and WFPS (n =45) treatments. ...........................85 
Table 5-8 Pearson correlation between NH4+-N:NO3- -N ratio with soil temperature and WFPS 
on each sampling date........................................................................................................89 
Table 5-9 Mean NO-N flux as a percentage of the mean net NH4+-N depletion rate at different 
soil temperatures and WFPS during time periods indicated in paranthesis.....................100 
Table 5-10 Pearson correlation between measured soil variables and N2O-N fluxes at day7. ..........106 
 xi
Table 5-11 Pearson correlation between measured soil variables and N2O-N fluxes at day 14. .......106 
Table 5-12 Pearson correlation between measured soil variables and N2O-N fluxes at day 21. .......107 
Table 5-13 Pearson correlation between measured soil variables and N2O-N fluxes at day 28. .......107 
Table 5-14 Pearson correlation between measured soil variables and N2O-N fluxes at day 35. .......108 
Table 5-15 Pearson correlation between measured soil variables and N2O-N fluxes for data sets 
pooled over the experimental period. ..............................................................................108 
Table 5-16 Pearson correlation between measured soil variables versus N2O-N :NO-N at each 
individual sampling occasion and for the pooled data set. ..............................................113 
Table 5-17 Pearson correlation between measured soil variables versus WFPS at each individual 
sampling occasion and for the pooled data set. ...............................................................114 
Table 5-18 The results of multiple linear-regression models for log10NO-N at different 
temperature and moisture levels. .....................................................................................116 
Table 5-19 The significance of  variables contributing to the multiple regression models 
developed for soil temperature and WFPS treatments.....................................................118 
Table 5-20 Results of multiple linear regression model for log10NO-N (µg m-2h-1) at individual 
sampling occasions and pooled over time across all temperature and WFPS treatments.119 
Table 5-21 The significance of  variables contributing to the regression models developed at each 
individual sampling day as well as for data pooled  over all sampling days across all 
temperature and WFPS treatments. .................................................................................120 
Table 5-22 The results of multiple linear-regression models for N2O (µg N2O-N m-2h-1) at 
different temperature and moisture levels. ......................................................................122 
Table 5-23 Soil variables significantly affecting the log10N2O-N fluxes during regression analyses 
for temperature treatment. ...............................................................................................122 
Table 5-24 Results of multiple linear regression model for log10N2O-N (µg m-2h-1) at individual 
sampling occasion across all soil temperature and WFPS treatments. ............................123 
Table 5-25 The significance of  variables contributing to the regression models developed for 
log10N2O-N (µg m-2h-1) ....................................................................................................124 
Table 6-1 Net NH4+-N depletion and net NO3- -N accumulation rates at different urine-N treated 
soils (n = 15). ...................................................................................................................142 
Table 6-2 The correlation coefficients (r) between NO-N flux and soil variables measured at 
destructive sampling times. Data pooled over all urine-N rates. .....................................148 
Table 6-3 The correlation coefficients (r) between NO-N flux pooled over all days, and various 
soil variables at different urine-N rate treatments. ..........................................................149 
Table 6-4 The correlation coefficients (r) between N2O-N flux and soil variables measured at 
destructive sampling times. Data pooled over all urine-N rates. .....................................154 
Table 6-5 The correlation coefficients (r) between N2O-N flux pooled over all days, and various 
soil variables at different urine-N rate treatments. ..........................................................155 
Table 6-6 Correlation of log10NO-N and various soil variables at different urine-N rates. .............158 
Table 6-7 Correlation of log10NO-N and various soil variables at different sampling times...........158 
Table 6-8 Results of multiple linear regression for log10NO-N (µg m-2h-1) of urine treated soils at 
individual sampling occasion ..........................................................................................159 
Table 6-9 Results of multiple linear-regression for log10NO-N (µg m-2h-1) at different urine-N 
treatments.........................................................................................................................159 
Table 6-10 Mean soil variables used in the calculation of HNO2, including the calculated 
theoretical HNO2 value, for day 25. ................................................................................164 
 xii
Table 7-1 Mean and S.E.M of soil pH at 3 different depths. ...........................................................180 
Table 7-2 Mean HNO2 concentrations at 3 soil depths. ...................................................................182 
Table 7-3 Results of multiple regression analysis of logNO-N flux versus soil variables...............190 
Table 7-4 Regression coefficients determined from predicting logNO-N fluxes with multiple 
regression analyse. Coefficients in bold were statistically significant. ...........................193 
Table 7-5 Measured and predicteda cumulative NO-N fluxes .........................................................194 
Table 7-6 Results of multiple regression analysis of logN2O-N flux versus soil variables and the 
logNO-N flux...................................................................................................................195 
Table 7-7 Regression coefficients determined from predicting logN2O-N fluxes with multiple 
regression analyses. Coefficients in bold are statistically significant..............................196 
 
 
 
 
 xiii
List of Figures 
Figure 2.1 The microbial production of NO and N2O during nitrification ...........................................6 
Figure 2.2 The microbial production of NO and N2O during denitrification........................................6 
Figure 2.3 Transformation of mineral N in soil (From Wrage et al.(2001)).........................................7 
Figure 2.4 The effect of soil available NH4+ and NO3-on the NO flux. (from (Skiba et al., 1992).....10 
Figure 3.1 Schematic of the internal structure of the LMA-3D. .........................................................16 
Figure 3.2 Schematic of the calibration procedure carried out for LMA-3D......................................18 
Figure 3.3 Calibration curve for NO using LMA-3D instrument .......................................................18 
Figure 3.4  Calibration curve for NO2 using LMA-3D instrument. .....................................................19 
Figure 3.5 Example of NO concentration readings taken during the field experiment from a 
chamber. ............................................................................................................................21 
Figure 4.1 Mean soil NH4+ -N concentrations over time for the non-urine soil (pH 5.2) and the 
urine treated soils with varying initial pH values (n = 3, error bars are ± the s.e.m).........30 
Figure 4.2 Mesh plot of soil NH4+-N concentrations over time versus initial soil pH for the urine 
treated soils. .......................................................................................................................31 
Figure 4.3 Mean soil NO2- -N concentrations over time for the non-urine soil (pH 5.2) and the 
urine treated soils with varying initial pH values (n = 3, error bars are ± the s.e.m.)........32 
Figure 4.4 Mesh plot of soil NO2- -N concentrations over time versus initial soil pH for the urine 
treated soils. .......................................................................................................................32 
Figure 4.5 Soil NO3--N concentrations over time for the non-urine soil (pH 5.2) and the urine 
treated soils with varying initial pH values (n = 3, error bars are ± the s.e.m)..................36 
Figure 4.6 Mesh plot of soil NO3--N concentrations over time versus initial soil pH for the urine 
treated soils. .......................................................................................................................37 
Figure 4.7 Net NH4+-N depletion and net NO3- -N accumulation (ng g-1 soil h-1) in urine affected 
soil as influenced by initial soil pH treatments. (n = 15, number of samples used for 
each individual pH calculation). ........................................................................................38 
Figure 4.8 Soil NH4+-N: NO3--N ratios over time for the non-urine treated soil (pH 5.2) and the 
urine treated soils with varying initial pH values (n = 3, error bars are ± the s.e.m.)........39 
Figure 4.9 Soil surface pH after urine application over the experimental time. (n = 3, error bars 
are ± the s.e.m.)..................................................................................................................40 
Figure 4.10 Mesh plot of soil surface pH versus time and initial soil pH for the urine treated soils. ...41 
Figure 4.11 Calculated HNO2 concentration in urine treated soil over time with varying initial soil 
pH treatments (n = 3, error bars are ± the s.e.m). ..............................................................42 
Figure 4.12 Mean NO-N flux over time for the non-urine treated soil (pH 5.2) and the urine treated 
soils with varying initial soil pH values (n = 3, error bars are ± the s.e.m). ......................43 
Figure 4.13 Mesh plot of mean NO-N flux versus time and initial soil pH for the urine treated 
soils. ...................................................................................................................................44 
Figure 4.14 Cumulative NO-N emitted over time as a % of urine-N applied  for the non-urine 
treated soil (pH 5.2) and the urine treated soils with varying initial pH values (n = 3, 
error bars are ± the s.e.m.). ................................................................................................45 
Figure 4.15 Cumulative NO-N flux as a % of urine-N applied after 35 days versus the initial soil 
pH. (n = 3, error bars are ± s.e.m)......................................................................................45 
 xiv
Figure 4.16 Initial soil pH and NH4+-N depletion rate between days 7-14. Regression line includes 
all the initial soil pH treatments (5.7-7.6) except initial soil pH 4.4. (n = 3, error bars 
are ± the s.e.m)...................................................................................................................46 
Figure 4.17 Relationship between the mean net NH4+-N depletion rate (days 7 to 14) and the mean 
net NO-N flux rate (days 7-11) at different initial soil pH treatments (5.7-7.6). 
Regression line excludes pH 4.4 treatment........................................................................47 
Figure 4.18 Net NO-N flux rate (mean between days 7 to 11) as a percentage of the mean net 
NH4+-N depletion rate (days 7 to 14) at different initial soil pH treatments. Regression 
line excludes the initial soil pH 4.4 treatment. ..................................................................48 
Figure 4.19 The H+ ion concentrations of the initial soil pH treatments versus the mean NO-N flux 
(mean days 7 to 11) as a percentage of the net NH4+-N depletion rate (mean days 7 to 
14). The regression excludes the initial soil pH 4.4 treatment which had x-y co-
ordinates of (3.98e-5, 2.34).................................................................................................49 
Figure 4.20 Mean N2O-N flux over time for the non-urine treated soil (pH 5.2) and the urine 
treated soils with varying initial pH values (n = 3 replicates and error bars are ± the 
s.e.m.). ...............................................................................................................................50 
Figure 4.21 Mesh plot of mean N2O-N flux versus time and initial soil pH for the urine treated 
soils. ...................................................................................................................................51 
Figure 4.22  Cumulative N2O-N emitted over time for the non-urine treated soil (pH 5.2) and the 
urine treated soils with varying initial pH values (n = 3 error bars are ± the s.e.m.).........52 
Figure 4.23 Cumulative N2O-N flux as % of urine-N applied from urine treated soil cores after 35 
days, versus the initial soil pH (n = 3, error bars are ± s.e.m.). The regression shown 
excludes the initial soil pH 4.4. .........................................................................................53 
Figure 4.24  Relationship between NH4+-N depletion rate and N2O-N flux at different soil pH 
treatments (4.4-7.6) (n = 3, error bars are ± s.e.m.). ..........................................................54 
Figure 4.25  N2O-N flux rate  between days 7 to 14 as a percentage of NH4+-N depletion rate at 
different soils pH treatments (4.4-7.6) (n = 3, error bars are ± s.e.m.). .............................54 
Figure 4.26 N2O-N flux rate as a percentage of NH4+-N depletion rate at different soils surface pH 
values on days 7 and 14 respectively (n = 3, error bars are ± s.e.m.). ...............................55 
Figure 4.27 N2O-N: NO-N ratio production (µg m-2 h-1) over the experimental time at different pH 
treated soils (n = 3, error bars are ± s.e.m.). ......................................................................56 
Figure 4.28 N2O-N: NO-N ratio versus time for initial soil pH treatments (n = 3, error bars are ± 
s.e.m.) ................................................................................................................................56 
Figure 4.29 Surface plot of mean N2O-N: NO-N ratio versus time and initial soil pH for the urine 
treated soils. .......................................................................................................................57 
Figure 4.30 Soil WFPS (%) over time for the initial soil pH treatments. (n = 3, error bars are ± the 
s.e.m). ................................................................................................................................57 
Figure 5.1 Soil NH4+-N concentrations versus time following urine application to soil at 3 
different temperatures (n = 12, error bars are ± the s.e.m.). ..............................................72 
Figure 5.2 Soil NH4+-N concentrations versus time following urine application to soil at 4 
different water contents (n = 9, error bars are ± the s.e.m.)...............................................72 
Figure 5.3 Mesh plot showing the interaction of soil WFPS and temperature on soil NH4+-N 
concentrations. Values are the means over the entire sample period. ...............................73 
Figure 5.4 Mesh plots of soil NH4+-N concentrations versus time and soil WFPS following urine 
application to soil at 3 different temperatures (a) 5oC, (b) 15oC, (c) 22oC. .......................74 
Figure 5.5 Soil NO2--N concentrations versus time following urine application to soil at 3 
different temperatures (n = 12, error bars are ± the s.e.m.). ..............................................76 
 xv
Figure 5.6 Soil NO2--N concentrations over time following urine application to soil at 4 different 
WFPS (n = 9, error bars are ± the s.e.m.). .........................................................................76 
Figure 5.7 Mesh plot showing the interaction between WFPS and temperature on soil NO2- -N 
concentrations. Values are treatment means over the entire experimental period.............77 
Figure 5.8 Mesh plots of soil NO2--N concentrations versus time and soil WFPS following urine 
application to soil at 3 different temperatures (a) 5oC, (b) 15oC, (c) 22oC. .......................78 
Figure 5.9  Soil NO3--N concentrations versus time following urine application to soil at 3 
different temperatures (n = 12, error bars are ± the s.e.m.). ..............................................82 
Figure 5.10 Soil NO3--N concentrations versus time following urine application to soil at 4 
different WFPS (n = 9, error bars are ± the s.e.m.). ..........................................................83 
Figure 5.11 Mesh plot showing the interaction between soil WFPS and temperature on soil NO3- -
N concentrations. ...............................................................................................................83 
Figure 5.12  Mesh plots of soil NO3--N concentrations versus time and soil WFPS after urine 
application to soil at 3 different temperatures (a) 5oC, (b) 15oC, (c) 22oC. .......................84 
Figure 5.13 Net NH4+-N depletion and net NO3- -N accumulation (ng g-1 soil h-1) in urine affected 
soil as influenced by soil temperature treatments (n = 12, error bars are ± the s.e.m.). ....86 
Figure 5.14 Net NH4+-N depletion and net NO3- -N accumulation (ng g-1 soil h-1) in urine affected 
soil as influenced by soil WFPS treatments (n = 9, error bars are ± the s.e.m.). ...............86 
Figure 5.15 Soil NH4+ -N : NO3- -N ratio versus time at 3 different temperatures (n = 12, error bars 
are ± the s.e.m.)..................................................................................................................87 
Figure 5.16 Soil NH4+ -N : NO3- -N ratio versus time at 4 different WFPS (n = 9, error bars are ± 
the s.e.m.)...........................................................................................................................88 
Figure 5.17 Mesh plot of soil WFPS and temperature versus the soil NH4+ -N : NO3- -N ratio 
following urine application................................................................................................88 
Figure 5.18 Surface soil pH over time after urine application to soil at 3 different temperatures (n 
= 12, error bars are ± the s.e.m.). .......................................................................................90 
Figure 5.19 Surface soil pH over time after urine application to soil at 4 different WFPS (n = 9, 
error bars are ± the s.e.m.). ................................................................................................90 
Figure 5.20 Soil HNO2 concentration versus time following urine application to soil at 3 different 
temperatures (n = 12, error bars are ± the s.e.m.). .............................................................91 
Figure 5.21 Soil HNO2 concentration versus time following urine application to soil at 4 levels of 
WFPS (n = 9, error bars are ± the s.e.m.) ..........................................................................92 
Figure 5.22 Soil NO-N flux versus time following urine application to soil at 3 different 
temperatures (n = 12, error bars are ± the s.e.m.).Values are means over WFPS. ............94 
Figure 5.23 Soil NO-N flux versus time following urine application to soil at levels of WFPS (n = 
9, error bars are ± the s.e.m.). Values are means over soil temperature. ...........................94 
Figure 5.24 Mesh plots of soil NO-N  flux versus time and soil WFPS following urine application 
to soil at 3 different temperatures (a) 5oC, (b) 15oC, (c) 22oC. ..........................................95 
Figure 5.25 Mesh plot showing the interaction of soil WFPS and temperature verses soil NO-N 
fluxes. Values are the means over the 35 day sample period. ...........................................96 
Figure 5.26 Cumulative NO-N fluxes, as a percentage of urine-N applied after 35 days, versus soil 
WFPS at 3 different temperature treatments (n = 3, error bars are ± s.e.m.). ....................96 
Figure 5.27 Q10(5-15oC) values for NO-N at different WFPS during experiment (n = 9, error bars 
are ± the s.e.m.)..................................................................................................................97 
Figure 5.28 Q10(15-22oC) values for NO-N at different WFPS during experiment (n = 9, error bars 
are ± the s.e.m.)..................................................................................................................98 
 xvi
Figure 5.29 Q10(5-15oC) values for NO-N at different WFPS treatments (n = 16, error bars are ± 
the s.e.m.)...........................................................................................................................98 
Figure 5.30 Q10(15-22oC) values for NO-N at different WFPS treatments (n = 16, error bars are ± 
the s.e.m.)...........................................................................................................................99 
Figure 5.31 NO-N flux rate as a percentage of NH4+-N depletion rate versus surface soil pH and 
soil [H+] at 22oC across all WFPS treatments. Symbols,     ,     indicate surface soil pH 
and soil [H+] respectively. ...............................................................................................101 
Figure 5.32 Soil N2O-N flux versus time following urine application to soil at 3 different 
temperatures (n = 12, error bars are ± the s.e.m.). ...........................................................102 
Figure 5.33 Soil N2O-N flux versus time following urine application to soil at four levels of WFPS 
(n = 9, error bars are ± the s.e.m.)....................................................................................103 
Figure 5.34 Mesh plots of soil N2O-N flux versus time and soil WFPS after urine application to 
soil at 3 different temperatures (a) 5oC, (b) 15oC, (c) 22oC. ............................................104 
Figure 5.35 Mesh plot showing the interaction of soil WFPS and temperature on soil N2O-N flux 
following urine application. Values are the means over the entire sample period. .........105 
Figure 5.36 Cumulative N2O-N flux as a percentage of urine-N applied versus soil WFPS at 3 
different temperature treatments from soil cores after 35 days (n = 12, error bars are ± 
s.e.m.). .............................................................................................................................105 
Figure 5.37 Q10(5-15oC) values for N2O-N at different WFPS during experiment (n = 9, error bars 
are ± the s.e.m.)................................................................................................................109 
Figure 5.38 Q10(15-22oC) values for N2O-N at different WFPS during experiment (n = 9, error bars 
are ± the s.e.m.)................................................................................................................110 
Figure 5.39 Q10(5-15oC) values for N2O-N at different WFPS treatments (n = 9, error bars are ± 
the s.e.m.).........................................................................................................................110 
Figure 5.40 Q10(15-22oC) values for N2O-N at different WFPS treatments (n = 9, error bars are ± 
the s.e.m.).........................................................................................................................111 
Figure.5.41 Soil N2O-N: NO-N ratio over time after urine application to soil at 3 different 
temperatures (n = 12, error bars are ± the s.e.m.). ...........................................................112 
Figure.5.42 Soil N2O-N: NO-N ratio over time after urine application to soil at 4 levels of WFPS 
(n = 9, error bars are ± the s.e.m.)....................................................................................112 
Figure.5.43 WFPS versus time (n = 3, error bars are ± the s.e.m.). ....................................................114 
Figure 5.44 Best regression models developed at 22oC, 36% WFPS and day 28 during 
experimental period (see Tables 5.18 and 5.20). .............................................................117 
Figure 6.1 Soil NH4+-N concentrations with different urine N rates over time (n = 3, error bars are 
± the s.e.m). .....................................................................................................................137 
Figure 6.2 Mesh plot of soil NH4+-N concentrations versus time and urine-N rates. .......................138 
Figure 6.3 Soil NO2--N concentration at different urine N rates over time (n = 3, error bars are ± 
the s.e.m)..........................................................................................................................139 
Figure 6.4 Soil NO3--N concentration at different urine N rates over time (n = 3, error bars are ± 
the s.e.m)..........................................................................................................................140 
Figure 6.5 Mesh plot of soil NO3- -N concentrations versus time and urine-N rates........................141 
Figure 6.6 Net NH4+-N depletion rate and net NO3- -N accumulation rate at different urine-N 
rates (n = 15, error bars are ± the s.e.m). .........................................................................142 
Figure 6.7 Effect of urine-N rates on bulk soil pH over time (n = 3, error bars are ± the s.e.m)......143 
Figure 6.8 Mesh plot of soil pH versus time and urine-N rates. .......................................................144 
 xvii
Figure 6.9 Calculated HNO2 concentration of different urine-N rates treatments over time (n = 3, 
error bars are ± the s.e.m). ...............................................................................................145 
Figure 6.10 Fluxes of NO-N (µg m-2 h-1) from different urine-N treatments (n = 3, error bars are ± 
the s.e.m)..........................................................................................................................147 
Figure 6.11 Mesh plot of mean NO-N flux versus time and urine-N rates excluding control. ...........147 
Figure 6.12 Cumulative NO-N emitted as % of N applied versus urine-N rate      and NH4+-N 
depletion rate      (n = 3, error bars are ± the s.e.m).........................................................148 
Figure 6.13 Daily NO-N flux rates as a percentage of mean net NH4+-N depletion rates at different 
urine-N rates (n = 3, error bars are ± the s.e.m)...............................................................150 
Figure 6.14 Daily NO-N flux rates as a % of mean net NH4+-N depletion rate versus bulk soil pH 
for days 19-25. Numerals beside symbols are ‘day’ numbers. ........................................151 
Figure 6.15 Daily NO-N flux rates as a % of the mean net NH4+-N depletion rates versus soil [H+] 
calculated using bulk soil pH for days 19-25. Numerals beside symbols are ‘day’ 
numbers. ..........................................................................................................................151 
Figure 6.16 Fluxes of N2O-N (µg m-2h-1) from different urine-N treatments (n = 3 replicates and 
error bars are ± the s.e.m). ...............................................................................................153 
Figure 6.17 Mesh plot of mean N2O-N flux versus time and urine-N rates excluding control...........153 
Figure 6.18 Cumulative N2O-N emitted as % of urine-N applied over time for the urine treated 
soils at different urine-N rates (n = 3 replicates and error bars are ± the s.e.m)..............154 
Figure 6.19  N2O-N: NO-N ratio at different urine-N rates over time. ...............................................155 
Figure 6.20 Soil WFPS (%) over time for the urine-N treatments (n = 3, error bars are ± the s.e.m).156 
Figure 6.21 Best fit regression models developed at day 21 (a) and for the 750 kg N ha-1 (b) 
treatment during the experimental period (see Tables 6.8 and 6.9).................................160 
Figure 6.22 The relationship between urine-N rates versus mean NO-N flux expressed either as the 
% of the NO2- -N     pool being turned over per hour  or as the % of the net NO3- -N 
accumulation rate     ........................................................................................................166 
Figure 7.1 Soil NH4+-N concentrations over time (n = 3, error bars are ± s.e.m.) ............................173 
Figure 7.2 Soil NO2--N concentrations over time at 3 depths in the summer field experiment (a) 
0.0-2.5 cm (b) 2.5-5.0 cm, (c) 5.0-7.5 cm (n = 3, error bars are ±  s.e.m.). .....................175 
Figure 7.3 Soil NO3--N concentrations over time (n = 3, error bars are ± s.e.m.).............................176 
Figure 7.4 Average net NH4+-N depletion rate (ng g-1 soil h-1) in urine affected soil (n = 60, 
number of samples used for each urine-N rate calculation). ...........................................177 
Figure 7.5 Soil NH4+-N: NO3--N ratios over time for the control and the urine treated soils (n = 3, 
error bars are ± the s.e.m.) ...............................................................................................178 
Figure 7.6 Soil pH over time following urine application (n = 3, error bars are ± the s.e.m.)..........179 
Figure 7.7 Soil pH at 3 depths over time following urine application (a) 0.0-2.5 cm (b) 2.5-5.0 cm 
and (c) 5.0-7.5 cm (n = 3, error bars are ± the s.e.m.). ....................................................181 
Figure 7.8 Calculated HNO2 concentration in the control and urine treated soil at 3 soil depths (n 
= 3, error bars are ± the s.e.m). ........................................................................................183 
Figure 7.9 Rainfall over the experimental period. ............................................................................184 
Figure 7.10 Water-filled pore space over time (n = 3, error bars are ± the s.e.m.). ............................184 
Figure 7.11 Soil temperature during summer field experiment at 7 cm depth....................................185 
Figure 7.12 NO-N fluxes over time following urine treatment application (n = 3, error bars ± 
s.e.m.). .............................................................................................................................186 
 xviii
Figure 7.13 Soil N2O-N fluxes over time following urine treatment application (n = 3, error bars ± 
s.e.m.). .............................................................................................................................187 
Figure 7.14 Soil N2O-N: NO-N ratio over time following treatment application (n = 3, error bars ± 
s.e.m.). .............................................................................................................................188 
Figure 7.15 Measured and predicted log10NO-N flux over time at 1000 kg urine-N ha-1 and the 
NO-N predicted fluxes determined from varying soil depth data. (n = 3, error bars ± 
s.e.m.). .............................................................................................................................191 
Figure 7.16 Measured and predicted log10NO-N flux over time at 500 kg urine-N ha-1 and the NO-
N predicted fluxes determined from varying soil depth data. (n = 3, error bars ± 
s.e.m.). .............................................................................................................................192 
Figure 7.17 Measured and predicted log10NO-N fluxes over time at the control treatment and the 
NO-N predicted fluxes determined from varying soil depth data. (n = 3, error bars ± 
s.e.m.). .............................................................................................................................192 
Figure 7.18 Relationship between surface soil pH and (a) logNO-N and (b) logN2O-N at different 
urine-N applied rates over time. ......................................................................................197 
Figure 7.19 LogN2O-N versus logNO-N during experimental period. ...............................................198 
Figure 8.1 Soil NH4+-N concentrations versus time following urine application to soil at 3 
different urine-N rates (n = 3, error bars are ± s.e.m.). ....................................................207 
Figure 8.2 Soil NO2--N concentrations versus time following urine application to soil at 3 
different urine-N rates (n = 3, error bars are ± s.e.m.). ....................................................208 
Figure 8.3 Soil NO3--N concentrations versus time following urine application to soil at 3 
different urine-N rates (n = 3, error bars are ± s.e.m.). ....................................................209 
Figure 8.4 Net NH4+-N depletion rate (ng g-1 soil h-1) in urine affected soil (n = 42, number of 
samples used for each urine-N rate calculation). .............................................................210 
Figure 8.5 Soil surface pH over time following urine application to (n = 3, error bars are ± the 
s.e.m.). .............................................................................................................................211 
Figure 8.6 Calculated HNO2 concentration in the control and urine treated soil (n = 3, error bars 
are ± the s.e.m).................................................................................................................212 
Figure 8.7 Rainfall over the experimental period. ............................................................................213 
Figure 8.8 Soil WFPS over time (n = 3, error bars are ± the s.e.m.).................................................213 
Figure 8.9 Soil temperature (7 cm depth) during the whole experimental time.  Symbols are the 
mean of 3 replicates and error bars are ± the s.e.m..........................................................214 
Figure 8.10 Soil NO-N flux versus time following urine application to soil at 3 different urine-N 
rates (n = 3, error bars are ± the s.e.m.). ..........................................................................215 
Figure 8.11 Soil N2O-N flux versus time following urine application to soil at 3 different urine-N 
rate (n = 3, error bars are ± the s.e.m.).............................................................................216 
Figure 8.12 Soil N2O-N: NO-N ratio over time following urine application to soil (n = 3, error bars 
are ± the s.e.m.)................................................................................................................217 
 
 xix
 xx
List of Plates 
Plate 3.1 Schematic of the reaction vessel inside LMA-3D and picture of LMA-3D (Images 
from: http://www.unisearch-associates.com/luminox.htm)...............................................16 
Plate 3.2 Closed gas circuit used for NO flux measurement, showing soil core inside gas 
sampling Mason jar. ..........................................................................................................20 
Plate 7.1 Experimental site used for both summer and winter experiments...................................171 
 
 
 
   Chapter 1 
Introduction 
Managed pastures occupy 20% of the Earth’s surface (Snaydon, 1981). In New Zealand the 
managed pasture system is the dominant livestock production system. Nitrogen (N) inputs 
into grazed pasture systems include biological N fixation, fertiliser and ruminant excreta. 
When grazing pasture, ruminants partition excreta-N between the faecal and urine pools with 
approximately 70% of the ingested N being returned to the pasture in the excreted urine. The 
concentration of ruminant urine ranges widely from approximately 8 to 15 g N L-1 
(Whitehead., 1970). The actual N loading in bovine urine patches may range up to 1000 kg N 
ha-1 (Haynes & Williams, 1993). This is a rate of N that exceeds the immediate requirements 
of the pasture and subsequently N is lost from the pasture system via several pathways 
including ammonia volatilization, nitrate leaching and gaseous oxides of N, in the form of 
nitrous oxide (N2O), nitric oxide (NO) and nitrogen dioxide (NO2), with NOx defined as (NO 
+ NO2). 
Some of the NO and NO2 in the atmosphere may be converted to nitric acid (HNO3). This 
ultimately leads to the deposition of nitrate and acidity via acid rain such as soil acidity and 
eutrophication. 
 
Nitrous oxide is a recognized greenhouse gas and, as noted below, it is intricately 
connected to the mechanisms that produce or consume NO. Thus its measurement is included 
in this work. The N2O molecule is recognized as a greenhouse gas; its photochemical 
reactions in the stratosphere have been reported and discussed by Nicolet & Peetermans 
(1972) and Warneck (1988). The concentration of N2O decreases with altitude in the 
stratosphere due to the chemical reaction: 
)(122 DONhvON       (for wavelengths <260 nm) 
and the reaction with atomic oxygen, 
22
1
2 )( ONDOON   
NOOON 22   
(Note:  denotes an electronically excited state of atomic oxygen) )(1 DO
 
Subsequently the NO gas catalyzes the destruction of ozone (O3), (Crutzen, 1981).Thus both 
N2O and NOx are responsible for depletion of ozone in the upper atmosphere. 
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Nitric oxide is very reactive and is converted to nitrogen dioxide (NO2) by reactions with O3, 
oxygen and other oxidising radicals (Crutzen, 1979).  
 
Because NOx gases have relatively short life times and undergo complex nonlinear 
chemistry, with opposing indirect effects occurring as ozone enhancement and CH4 reduction, 
the calculations of a Global Warming Potential (GWP) for NOx emissions are highly 
uncertain (Forster et al., 2007). The non-linear chemistry means that the net radiative forcing 
of NOx emissions depends significantly on where the emission occurs and on the relative 
daily and seasonal intensities of the emissions (Forster et al., 2007). Thus there is currently no 
global mean GWP for NOx. 
 In the troposphere increased concentrations of NOx have been shown to enhance the 
production of O3 in the troposphere (Stohl, 1996). Thus soil emissions of NO may have a 
significant role/impact at the local level while at the regional or global level the role of NO 
compared to that of industrial combustion processes is described by Davidson and Kingerlee 
(1997) as being uncertain.  
Thus recent attention has intensified and focused on these gases because of the role(s) they 
play as either a greenhouse gas, as ozone regulators or as a result of the implications for 
redeposition of NOx. 
There is a general dearth of information and a lack of understanding regarding the 
magnitude, processes and factors responsible for NOx emissions arising from ruminant urine 
patches under grazed pasture conditions. Thus this research project was performed to improve 
the fundamental understanding of the processes and soil factors that affect NOx emissions. 
The main objectives were: 
 To measure NOx emissions in-situ in the field on a seasonal basis. 
 To examine the effects of urine-N rate and the fundamental soil variables (temperature, 
moisture, and pH) on the associated NOx emissions. 
 To relate the NOx emissions observed to the N2O flux profiles. 
 
This thesis is constructed of the current introduction, a literature review (chapter 2) of relevant 
information, a general materials and methods chapter (3) that presents materials and methods 
common to all studies, a series of chapters (4, 5, and 6) that describe three laboratory 
experiments and then two chapters (7 and 8) that report on two seasonal, in-situ field 
experiments, followed by a chapter (9) presenting the general conclusions. 
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    Chapter 2 
Review of Literature  
2.1  Introduction 
As noted above there are environmental consequences to the production of NOx and N2O. 
While the N2O molecule has been assigned a GWP for a given time span the data available to 
date makes this an impossible task for NOx. Given the ever increasing impacts of reactive 
nitrogen on planet Earth it is vital that the sources and implications of NOx and N2O are fully 
researched to provide the best data bases possible upon which to determine accurate 
environmental impacts.  This chapter firstly describes the environmental implications and the 
processes responsible for the production of NO and N2O (that are relevant to land based 
agricultural systems), and secondly, the factors affecting these processes.  
2.2 Global significance and budgets for NOx 
Since Galbally and Roy’s seminal paper, that suggested soil NOx emissions could be 
important in relation to atmospheric chemistry (Galbally & Roy, 1978), there have been more 
studies, to the point where global budgets of NOx emissions have been constructed. Despite 
NO being relatively short-lived in the troposphere, and its subsequent effects on atmospheric 
photochemistry occurring at local and regional levels, global budgets serve the purpose of 
putting various anthropogenic sources into relative perspective (Davidson & Kingerlee, 
1997). Estimates of the global soil NOx flux range from 5.5 to 21 Tg y-1 (Matson, 1997). This 
large uncertainty in the global budget is attributed to three reasons. Firstly NOx production 
and emissions are highly dynamic varying at temporal and spatial scales e.g. Martin et al. 
(1998) recorded NOx fluxes from temperate grasslands from 0.003 to 101 ng NO-N m-2 s-1. 
Second NO is highly reactive both within the soil and once emitted from the soil surface, and 
besides atmospheric chemistry there are unknown effects of the plant canopy on the oxidation 
and re-deposition of NO, which may prevent up to 50% of soil released NO from escaping 
into the ambient atmosphere (Lovett & Lindberg, 1993; Robertson, 1993; Yienger & Levy, 
1995). Finally there is limited field data and what there is has its own particular biases. For 
example, Davidson & Kingerlee (1997) produced a global inventory of NO emissions from 
soils (Table 2.1), but as they point out, at first glance temperate grasslands appear well 
represented by 11 estimates. Yet in terms of the temperate pasture ‘biome’ this includes 6 
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estimates from Colorado grasslands, and these are quite different to intensively developed 
pasture, where only one estimate was available. Global NOx budgets do confirm that the soil 
source of NO is similar in magnitude to fossil fuel emissions of NOx (Davidson & Kingerlee, 
1997). Stehfest & Bouwman (2006) examined N2O and NO emission from agricultural fields 
and soils under natural vegetation, and found that on a global basis grasslands comprised 
almost 30% of the NO emissions from ‘agricultural fields and soils under natural vegetation’. 
Grazed grasslands were excluded from this most recent study due to insufficient studies and 
reporting of data. Given the rates of N in ruminant urine patches and the prevalence of 
managed grazing systems worldwide it might be expected that NO emissions from grazed 
grassland would make a significant contribution to the global NO budget from soils. 
 
Table 2-1 Global Inventory of NO Emissions from Soils (Davidson & Kingerlee, 1997) 
 
 
It is known that reactive forms of N in the atmosphere are mainly represented by oxidized 
N2O and NO + NO2 and reduced forms of N (NHx). The primary sources of these reactive N 
forms in the troposphere include fossil fuel combustion, biomass burning, lightning, soil 
microbial activity and transport from the stratosphere.  
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As noted in the introduction N2O is a precursor to NO formation in the stratosphere and 
subsequent O3 depletion, it also contributes to ca. 6% of the greenhouse gas effect. While NO 
is involved in production of O3 in the troposphere as noted in the introduction. These forms of 
N (NO and NO2) except N2O can be deposited onto terrestrial and aquatic ecosystems via dry 
and wet depositions causing deleterious effects on these ecosystems. These effects include 
soil acidification and nutrient enhancement that can lead to eutrophication of natural pristine 
ecosystems (Fraser & Chilvers, 1981; Holland & Lamarque, 1997; Johnson et al., 1991; Kahl 
et al., 1993). 
 
2.3  Production mechanisms of NOx and N2O in soils 
Microbial soil processes are the dominant source of both N2O and NO in soils with 
nitrification, denitrification, nitrifier-denitrification and abiotic reactions all recognized as 
mechanisms (Firestone & Davidson, 1989; Wrage et al., 2001). 
Nitrification is the process where ammonia and/or nitrite (NO2-) are oxidised by 
chemoautotrophic or heterotrophic soil bacteria that use these N substrates as a primary 
energy source. Ammonia (NH3) is formed from the ammonium (NH4+) ion. The first stage in 
the nitrification pathway is the conversion of NH3 to hydroxylamine (NH2OH) by ammonia 
monooxygenase. The second reaction involves the oxidation of NH2OH to nitrite by 
hydroxylamine oxidoreductase via uncharacterised intermediaries. Nitric oxide has been 
identified as a possible oxidative intermediate (Fig. 2.1) but the exact role and nature of this 
process has not been conclusively demonstrated (Hooper, 1989). In the final stage of 
nitrification, nitrite (NO2-) is converted to nitrate (NO3-) by nitrite oxidoreductase. Ammonia 
oxidation is considered to be the rate limiting step for nitrification since NO2- is rarely found 
to accumulate in the environment (Prosser, 1989). In high concentrations NH3 is toxic to NO2- 
oxidising bacteria (Chalk & Smith, 1983). The process of ammonia oxidation leads to a net 
acidification of the soil (Wrage et al., 2001). In well aerated soil NO fluxes have ranged from 
0.1 to 10% of the NH4+ oxidized (Anderson & Levine, 1987; Hutchinson & Brams, 1992; 
Poth & Focht, 1985; Veldkamp & Keller, 1997). Nitrous oxide is also formed during 
nitrification via the chemical decomposition of NH2OH or NO2- , which can be considered a 
form of abiotic N2O production (Wrage et al., 2001). 
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Figure 2.1 The microbial production of NO and N2O during nitrification  
 
Nitrification, by way of its products, is coupled to denitrification which is the stepwise 
reduction of NO3- to dinitrogen (N2) (Fig. 2.2). Nitrate is reduced by nitrate reductase to NO2- 
which is then reduced to NO and then to N2O by nitrite reductase and nitric oxide reductase 
respectively. Unlike nitrification NO and N2O are obligate intermediaries in the denitrification 
sequence. Denitrification is completed when N2O is reduced by nitrous oxide reductase to N2. 
Denitrifiers are predominantly heterotrophic facultative anaerobes. The proportion of N2O 
released during denitrification varies (Wrage et al., 2001): the proportion increases as soils 
become more acidic since nitrous oxide reductase is inhibited by acidic pH (Knowles, 1982); 
the ratio of N2O: N2 produced increases as the soil NO3- concentration increases since NO3- is 
preferred as an electron donor to N2O (Schlegel, 1992); as oxygen concentrations in the soil 
increase the fraction of N2O produced may also increase since N2O reductase is inhibited by 
lower concentrations of oxygen than the other reducing enzymes involved in denitrification 
(Knowles, 1982). 
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Figure 2.2 The microbial production of NO and N2O during denitrification 
  
Coupled nitrification-denitrification is not a separate process but merely implies that the 
products of nitrification (NO2- and NO3-) can be used by denitrifies. It occurs because suitable 
niches for nitrification and denitrification can co-exist in close proximity and NO2-, NO3- or 
both can diffuse from nitrifying sites to denitrification sites in the soil. This process should 
not be confused with nitrifier-denitrification which is considered a nitrification pathway 
(Wrage et al., 2001). Nitrifier denitrification is performed by ammonia oxidisers which 
convert NH3 to NO2- which is then reduced to N2O and N2 (Wrage et al., 2001) (Fig. 2.3). It is 
a process likely to occur as oxygen starts to become limiting and where carbon levels are low 
(Wrage et al., 2001). While nitrifier denitrification has been demonstrated in the laboratory 
(Poth & Focht, 1985), and there are valid reasons as to why it may occur in situ e.g. to 
conserve oxygen and to remove toxic NO2-, its prevalence in situ is not well quantified. 
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Figure 2.3 Transformation of mineral N in soil (From Wrage et al.(2001)) 
 
Abiotic mechanisms are more prevalent under acidic soil conditions (Cole et al., 1997; 
Davidson, 1992; Firestone & Davidson, 1989; Galbally, 1989; Mosier & Kroez, 2000; Wrage 
et al., 2001; Yienger & Levy, 1995) and involve mainly NO2- and /or nitrous acid (HNO2). 
The NO2- generated during either nitrification or denitrification may be subjected to 
protonation to form HNO2 (pKa=3.3) as shown below (Van Cleemput & Samater, 1996). 
22 HNONOH    
It has been proposed that HNO2 reacts non-enzymatically to form NO and other N gases due 
to a sequence of reactions (Cady & Bartholomew, 1960; Mckenney et al., 1990; Nelson & 
Bremner, 1970; Reuss & Smith, 1965; Sabbe & Reed, 1964; Smith & Chalk, 1980; Smith & 
Clark, 1960; Smith, 1980; Venterea & Rolston, 2002; Wilson et al., 1982). These HNO2 
mediated reactions have been identified in agricultural (Blackmer & Cerrato, 1986; Venterea 
& Rolston, 2000b) and grassland soils (Davidson, 1992; Yamulki et al., 1997). In aqueous 
systems, where mineral or organic material is absent, the HNO2 molecule spontaneously 
decomposes to form NO (Pauling, 1970; Van Cleemput & Baert, 1976) as shown below: 
 3HNO2 2NO  +  HNO3   + H2O  
The phenolic groups and other functional groups in soil may also react with HNO2 to produce 
NO and N2O and specific reactions involved in their production have been proposed 
(Blackmer & Cerrato, 1986; Stevenson, 1994; Stevenson & Swaby, 1964; Stevenson et al., 
1970; Thoran & Mikita, 2000). Similarly, Nelson (1982) found that the self decomposition of 
HNO2 to be the main mechanism for NO production, while reaction of NO2- with organic or 
inorganic matter was of lesser significant. 
The reaction of HNO2 with amino acids is shown below:                  
R-NH2    +    HNO2 ROH   +     H2O   +   N2  
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This reaction is unlikely to occur in most soils due to the requirement for low pH and the fact 
that unbound amino acids in soils are present in trace quantities. In Brazilian pasture soils, it 
has been estimated that 50% of the NO production originates from abiotic processes (Trebs, 
2001). Venterea & Rolston (2000b) reported NO production in sterile agricultural soils to be 
highly correlated with HNO2 concentration. Volatilization of HNO2 from the soil aqueous 
solution may also contribute to NOx emissions to the atmosphere.                                                                                                
The most important factors controlling the production of NO via abiotic processes are 
reported to be organic matter content, concentration of NO2- and pH (Firestone & Davidson, 
1989).  
2.4  Consumption of NO and N2O in soils 
The major sink for N2O in soils is the reduction to N2 during denitrification. As noted above 
the activity of the N2O reductase enzyme is dependent on chemical and environmental 
variables. Generally, conditions interfering with N2O diffusion in the soil (see below) appear 
to enhance N2O consumption (Chapius-Lardy et al., 2007; Hénault et al., 2001). However, the 
factors regulating N2O consumption are not yet well understood and merit further study 
(Chapius-Lardy et al., 2007). 
Nitric oxide is highly reactive and may be decomposed by several chemical and biological 
reactions in the soil. Both autotrophs and aerobic heterotrophs have been shown to be capable 
of oxidising NO to NO2- and/or NO3- (Conrad, 1995). Alternatively, as noted above, NO may 
be reduced in the denitrification sequence.  For many denitrifying species once the NO 
reductase enzyme is synthesized, it is relatively insensitive to oxygen concentrations so that 
NO consumption by denitrification may take place even in well aerated soil (Remede & 
Conrad, 1991).  
Theoretically there is also the potential for NO to be abiotically oxidised in the soil 
atmosphere via the same reactions that occur once it is released into the lower atmosphere, via 
reactions with O3 or O2, but it is generally assumed that only the latter is potentially possible 
(Conrad, 1995), since there are few if any data on O3 in the soil profile, but even so the NO 
concentration would need to be > than about 10 L L-1 and as such is unlikely. Thus chemical 
oxidation reactions in the soil are of marginal significance. 
Consumption rates of NO vary according to different soil types and other environmental 
factors affecting the consumption processes. For example, nearly 95% of the NO produced in 
an organic soil via nitrification was oxidised to NO3- within the soil rather than emitted to the 
atmosphere (Dunfield & Knowles, 1999). However in a mineral gley soil the consumption 
rate was only 38% of the gross NO production (Dunfield & Knowles, 1999). 
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2.5 NOx emissions from urine patches 
Many studies have been conducted on NOx and N2O emissions from fertilised soils (Davidson 
& Kingerlee, 1997; Harrison et al., 1995; Skiba et al., 1993; Skiba et al., 1992; Tilsner et al., 
2003; Veldkamp & Keller, 1997; Venterea & Rolston, 2000b), but very few studies have 
examined NOx emissions from animal urine affected soil (Bronson et al., 1999; Clough et al., 
2003a; Colbourn et al., 1987; Lovell & Jarvis, 1996; Maljanen et al., 2007; Watanabe et al., 
1997; Williams et al., 1998). These studies were conducted at relatively low urine-N rates and 
showed that urine application increased the amount of mineral N in the soil, and NO 
emissions. Once urine applied to the soil hydrolysis by the urease enzymes occurs, creating 
high NH4+-N concentrations in the soil. Lovell & Jarvis, (1996) showed a positive relationship 
between NH4+-N and NOx emissions and associated these emissions with nitrification process. 
However, higher rates of urine-N (e.g. 1000 kg N ha-1) create higher NH4+-N concentrations, 
higher pH and higher salt concentration which may reduce NO production and emissions by 
restricting the nitrification process (Clough et al., 2003c; Monaghan & Barraclough, 1992). 
Colbourn et al. (1987) identified high NO emissions (0 to 190 µg NOx-N m-2 h-1) occurring 
via nitrification and calculated that pasture contributed about 0.04% of the total anthropogenic 
NO emissions released in the UK. Grazed land receiving N inputs increased NO emission four 
fold compared with that of ungrazed pasture in California (Davidson, 1991). It has also been 
shown that intensively grazed grassland is a greater emitter of NO than forests (Valente & 
Thornton, 1993). Galbally & Roy (1978) reported NO fluxes from grazed pasture to be twice 
that of an ungrazed pasture in Australia. No studies have been conducted under New Zealand 
temperate pasture conditions. 
2.6 Regulating factors of NO and N2O emissions from 
soils 
2.6.1 Substrate supply 
It has been shown that NOx emissions are positively correlated with the amount of N-substrate 
(Veldkamp & Keller, 1997). Fertilised soils are substantial contributors to the emission of 
NOx to the atmosphere (Bouwman, 1990). Fertilisation results in increased emission of N2O 
and NO, as reported by many workers e.g. (Akiyama et al., 2000; Cheng et al., 2002; Hou et 
al., 2000; McTaggart et al., 1994). Long-term fertilisation of soils or N deposition saturates 
the microbial demand for N, thereby increasing the NOx emissions (Harrison et al., 1995). 
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McKenney & Drury (1997) found high NOx emissions 1.19 to 44 ng N m-2 s-1 from fertilized 
soil. Significant positive correlation of NOx emissions with both NH4+-N (Hutchinson & 
Brams, 1992; Smart et al., 1999) and NO3- - N substrates e.g. (Williams & Fehsenfeld, 1991; 
Williams et al., 1998) have been reported. Similarly, Skiba et al. (1992) also found a positive 
relationship between NO and N2O emissions and the total soil inorganic-N pool (Fig. 2.4). 
Shepherd et al. (1991) and Veldkamp & Keller (1997) reported 5-10 % of fertilizer-N was lost 
as NOx when applied to agriculture soils. The correlation of NOx emission with N rate may be 
of significance when considering the rate of N deposited on a urine patch, which is about 
1000 kg N ha-1 or 10 times greater than an artificial fertiliser dose such as urea which is 
applied usually at a rate < 100 kg N ha-1. There appears to have been only one laboratory 
study where, NOx fluxes have been measured as a consequence of varying urine-N rate 
applied to soil. This study (Clough et al., 2003c) used SIFT-MS to examine the effect of 
varying rates of synthetic urine application on nitrogen oxides (NO + NO2) and ammonia 
emissions. The amount of urine-N applied, emitted as NO-N was 6.6, 2.4, 3.8 and 0.2% at 
100, 250, 500 and 1000 kg urine-N ha-1. 
 
Figure 2.4 The effect of soil available NH4+ and NO3-on the NO flux. (from (Skiba et al., 
1992). 
 
2.6.2  Soil pH 
Stehfest & Bouwman (2006) summarized over 1200 measurements of N2O from agricultural 
fields and natural vegetation and concluded that soil pH significantly influenced N2O 
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emissions but not NO. This at odds with the irrefutable evidence that soil pH can have a 
significant influence on NO production (Venterea & Rolston, 2000c) and other work showing 
soil pH affects both consumption and production of NO (Godde & Conrad, 2000). 
Due to the nature of the enzymatic processes that drive NO and N2O production and 
consumption, the relative fluxes are pH-dependent. Park et al. (2007) proposed a bell-shaped 
empirical model to describe the maximum specific substrate utilisation rates, established from 
sewage sludge experiments, and found the optimum pH for ammonia oxidising bacteria 
(AOB) to be 8.2 ± 0.3 and for nitrite oxidising bacteria it was 7.9 ± 0.4. Mørkved et al. (2007) 
investigated the pH regulation of nitrification in soil slurries (pH 4.1 to 7.8) and found that for 
soils with pH 4.1 and 4.2, the N2O product ratio (N2O/NO2- + NO3-) of nitrification was 2 
orders of magnitude higher than above pH 5 where the product ratio for nitrification was 
almost constant. Soil pH changes may be the result of management or even microbial process, 
e.g. nitrification. Acidified micro sites may also exist within a soil and the measured bulk soil 
pH is not a reliable estimate of the pH experienced by the microbial community (Strong et al., 
1997). 
 Using urea to simulate the effects of urine Clough et al. (2004) found that increasing initial 
soil pH (4.7 to 7.2) lead to lower cumulative N2O losses of urea-N applied at field capacity if 
the soil pH was ≥ 5.9. This was not the case if the soils were saturated where N2O fluxes 
increased, but the N2O: N2 ratio decreased, and it was proposed that under wetter soil 
conditions that denitrification increased and promoted denitrification as soil pH increased. 
Šimek et al. (2002) also confirmed that at pH > 7.0, N2 was a more important denitrification 
product than N2O. 
According to Šimek et al. (2002) determination of soil pH optima for denitrification should 
only be specified along with the denitrification parameters to which it is being applied. Šimek 
et al. (2002) found that if soil was incubated for > 12 hours the optimum pH for evolution of 
denitrification products tended towards neutrality i.e. pH 7, due either to development of a 
better adapted community of denitrifiers or the adaptation of existing denitrifiers to the new 
conditions. Soil pH has also been shown to affect the time to de novo synthesis and the 
kinetics of the reduction enzymes involved in denitrification. Soil pH has also been shown to 
affect the consumption rate of NO (Murray & Knowles, 2001). According to Murray & 
Knowles (2001) the environmental conditions which cause an increase in soil pH would be 
likely to enhance NO consumption under denitrifying conditions. There are no studies that 
have examined the effects of soil pH on the emission of NOx from ruminant urine patches. 
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2.6.3 Soil moisture and aeration 
The main factor believed to regulate the release of NO and N2O from soil is the availability of 
oxygen which is controlled by the partial pressure in the gas phase and the soil moisture 
content (Bollmann & Conrad, 1998). Oxygen is generally considered an inhibitor to 
denitrification (Knowles, 1982; Payne, 1982). The effect of water on denitrification occurs 
through its control over O2 diffusion, with O2 diffusing 1 x 104 times slower in water. Thus 
wet soils are more anaerobic with higher rates of denitrification and decreased nitrification. 
However, even in relatively aerobic soils anaerobic micro sites may exist and denitrification 
has been shown to occur in well aerated soils (Müller et al., 1997; Russow et al., 2009). The 
response, in terms of NO and N2O fluxes, with respect to soil moisture and soil aeration is 
complex and depends on the duration of soil wetting events, the relative intensity of the 
wetting events, and the antecedent dry periods. Previous studies have shown that high NOx 
fluxes (8-80 ng N m-2 s-1) can occur during the first rain of the season (Cardenas et al., 1993; 
Johansson & Sanhueza, 1988; Johansson et al., 1988; Levine et al., 1996). For example, 
during the transition from the dry to the wet season strong 'pulsing' effects of the NO flux 
were observed and NO emissions increased by a factor of up to 60 within hours. Cardenas et 
al. (1993) found maximum NO fluxes occurred when the gravimetric moisture content was 
between 10-18% in a Venezuelan savannah. It is generally expected that as the soil moisture 
content increases that N2O emissions will increase as a result of denitrification, while as soils 
become drier N2O emissions will be dominated by nitrification with enhanced fluxes of NO 
(e.g. Hou et al., 2000). Similar results have been found in microbial cultures where the 
production of NO per cell was highest by autotrophic nitrifiers yet independent of O2 
concentration in the range tested (0.5 to 10%), whereas N2O production was inversely 
proportional to O2 concentration (Anderson & Levine, 1986). 
Due to its influence on soil moisture the soil texture also affects NO and N2O emissions. In 
well aerated coarse-textured soils with < 60% WFPS, nitrification, may be considered the 
main process involved in NO production and emission (Bollmann & Conrad, 1998; Bouwman 
et al., 2002; Davidson, 1992; Mexiner & Yang, 2004; Skiba et al., 1992). Fine-textured and 
poorly aerated soils (> 60% WFPS) provide favourable conditions for the denitrification 
process (Groffman & Tiedje, 1991). Thus, soil physical characteristics (i.e. aeration) and 
particle size are important factors affecting the upward movement of NO and N2O. The 
diffusion and transport of gases increases with decreasing water content and increasing 
particle size. There are no studies that have examined the effect of soil moisture on the 
emissions of NOx from ruminant urine patches. 
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2.6.4 Temperature 
Soil temperature affects substrate supply processes such as mineralization, microbial activity, 
gas solubility and gas diffusion rates. For example the optimal temperature range for 
nitrification has been defined as 25-30oC with minimum and maximum rates occurring at 5 
and 40oC respectively (Bremner & Blackmer, 1981).  
Consequently NO emissions are influenced by changes in soil temperature (Gasche & Papen, 
1999; Ludwig et al., 2001; Skiba et al., 1994; Skiba et al., 1997; Williams et al., 1992) and 
have been shown to be affected by both diurnal and seasonal changes in soil temperature in 
agricultural fields (Anderson & Levine, 1987; Aneja et al., 1996; Hosono et al., 2006; Li et 
al., 1999; Roelle et al., 1999; Yamulki et al., 1995; Zheng et al., 2003). For example, Martin 
et al. (1998) measured NO emissions from soils, from the Colorado shortgrass steppe, with a 
range of texture (from a sandy loam to a clay loam) and soil moisture and found that mean 
NO emissions were highest in the summers (5.4 to 10.5 ng NO-N m-2 s-1) and lowest in the 
winter (0.2 to 1.5 ng NO-N m-2 s-1). Fluxes of NO may correlate positively with changes in 
soil temperature in response to N additions of fertilizers (Das et al., 2008; Fang et al., 2006; 
Roelle et al., 1999; Roelle et al., 2001) and in unfertilized natural ecosystems such as forest 
soils and savannah (Gut et al., 2002; Mexiner et al., 1997). However, an increase in soil 
temperature does not always result in increased NO emissions (Cardenas et al., 1993) due to 
other variables such as water-filled pore space limiting NO production (Sullivan et al., 1996). 
The response of NO emissions, at 15% gravimetric moisture content, to increases in soil 
temperature was shown to fit a Q10 of 2.0 below 20°C and a Q10 of 1.4 above 20oC (Laville et 
al., 2009). While Akiyama & Tsuruta, (2002) found a Q10 response of 8.7 between 5 and 30oC 
following N fertilizer application to soil. Not only is NO production affected by temperature 
but so too is NO consumption (Rudolph et al., 1996) thus the net flux varies with temperature. 
Emissions of NO (Maljanen et al., 2007) were also found to increase with increasing soil 
temperature when experimental dung and urine patches were placed on boreal pasture soil. No 
studies have examined, under controlled conditions, the effect of soil temperature on bovine 
urine induced NOx fluxes. 
2.6.5 Effects of Plants and carbon supply on NOx emissions 
The influence of plants on NOx emissions has been demonstrated by many workers. For 
example, Johansson and Granat (1984)  showed that harvesting and cutting of grasslands 
increased the emissions of NO. Slemr and Seiler (1991)  reported that NOx fluxes increased 
by 2 to 6 fold following the cutting of vegetation back to ground level. This effect is 
sometimes termed the canopy reduction effect. The canopy reduction of NO emissions results 
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from the deposition of NO2 on the plant surface and diffusion of NO2 through stomata 
following oxidation of NO by O3 within the canopy. This adsorption of NOx onto the plant 
canopy may reduce global NOx emissions to the atmosphere to as low as 13 Tg N yr-1  
compared to 21 Tg N yr-1 of the net ecosystem emissions to the atmosphere (Davidson & 
Kingerlee, 1997). Yienger and Levy (1995)  suggested that canopy recapture of NO is an 
important correction to be made to global estimates of soil NO emissions.  
  
In addition to canopy effects on NOx emissions, plants add carbon (C) to the soil in the form 
of root exudates which, when decomposed become part of the soil organic-C. These C inputs 
may affect soil microbial N transformation processes such as denitrification (Firestone & 
Davidson, 1989). During plant root respiration oxygen (O2) is consumed and CO2 is released 
by plant roots. Plant roots have been shown to create anaerobic conditions in soils and 
provided substrates such as easily decomposable root exudates for the soil microorganism 
resulting in enhanced denitrification (Mahmood et al., 1997; Nykanen et al., 1995). Carbon 
regulates NO production primarily due to its effect on denitrification (section 9.5). In 
addition, soil C inputs increase denitrification under anaerobic conditions (Baumgartner & 
Conrad, 1992; Drury et al., 1991)). For example, Schuster and Conrad (1992) showed that 
glucose addition increased NO production under anaerobic conditions by a factor of 6.6 
compared to a control soil. Venterea and Rolston (2000a)  found that a positive correlation 
was obtained between soil organic C and NO production in agricultural soils (sterile soils). 
These workers showed that it was due to the reaction of nitrification derived NO2- with H+ 
concentrations at low soil pH levels. Stevenson (1994) reported that reactions of HNO2 with 
phenolic and other constituents of soil organic matter promoted NO production.  
However, with respect to the urine patch, previous studies have shown that solubilization of 
soil organic matter occurs as a result of the high soil pH induced following hydrolysis 
reactions. This may assist in the production of NOx emissions if denitrification is a dominant 
production pathway. 
2.7 Research Objectives 
In view of the shortcomings in the current understanding of urine induced NOx fluxes a 
sequence of controlled laboratory studies were also conceived in order to examine the effects 
of soil moisture and temperature, soil pH and urine-N rate on the subsequent NOx emissions. 
Further in situ studies were also performed to examine urine-N rate and in situ seasonal 
effects on NOx emissions from urine patches.  
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   Chapter 3 
 Materials and Methods 
3.1 Introduction 
This chapter describes the materials and methods common to both the field and laboratory 
experiments. Common sampling and analysis procedures were used in both the field and 
laboratory experiments but with differences in the frequency of sampling. Any variations in 
the materials and methods as a result of specific treatment applications are discussed in the 
relevant chapters that follow. The methods used for gas flux calculations were the same for all 
experiments. 
3.2 Analysis of NOx and determination of standard curves 
Nitrogen oxide and NO2 were measured with a LMA-3D analyser from Unisearch Associates 
Inc (Ontario, Canada) (Plate 3.1). The LMA-3D detects the presence of NO2 via 
chemiluminescence. The air being sampled is drawn through the LMA-3D by a vacuum pump 
and flows across a fabric wick that is saturated with a specially formulated luminol solution 
(Plate 3.1). When NO2 encounters the wick, the luminal oxidizes and produces 
chemiluminescence (in the region of 425 nm). A photomultiplier tube (PMT) measures the 
light produced and converts it into a signal which is proportional to the concentration of NO2. 
The chemical reaction of luminol is temperature sensitive and the LMA-3D is equipped with 
temperature compensation circuitry.  
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Plate 3.1 Schematic of the reaction vessel inside LMA-3D and picture of LMA-3D 
(Images from: http://www.unisearch-associates.com/luminox.htm) 
Detection Limits: 0.1-ppbv (O3) 50 pptv (NO2, NOx). Time Response: _0.1 sec 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1 Schematic of the internal structure of the LMA-3D. 
 
The LMA-3D also has a chrome oxide converter unit in line, which oxidises NO in the 
sampled air to NO2. The measured amount of NO2 is then equal to NO + NO2. By analysing 
the air samples for (NO + NO2) and for NO2 only, the proportion of NO gas can be derived by 
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difference. The LMA-3D was also able to be used in the laboratory or in the field by using the 
internal battery or an external 12V DC power supply (Fig. 3.1). 
 
3.3 Calibration procedure 
Calibration of the LMA-3D was critical and undertaken after consultation and personal 
correspondence with internationally recognized experts with considerable experience in NOx 
analysis i.e. Dr Rodney Venterea (University of Minnesota); Dr Pamela Matson (Stanford 
University)); a trace gas supplier with over 30 years of experience in the manufacture of 
environmental gas mixtures (Scott-Marrin Inc. (Riverside, CA)), and the instrument 
manufacturer (Unisearch Associates Inc.).  
Standard gases (NIST certified) in 22 L aluminium bottles were imported from Scott-Marrin 
Inc., USA. These comprised of an NO standard (1.02 ± 2% L L-1) in O2-free N2 containing < 
0.005 L L-1 NO2 and a NO2 standard (5.07 ± 2% L L-1) in O2-free N2.  
To construct an NO standard curve the NO standard (1.02 L L-1) was diluted with 
ambient air that had passed through a Purafil® scrubber (Purafil Inc.) to remove ambient NOx. 
The NO standard gas flow into the LMA-3D was varied from 2 to 30 mL min-1 and the 
purified ambient air flow was adjusted so that the total gas flow at the LMA-3D outlet was 1 
L min-1. This resulted in a maximum 500-fold dilution of the standard gas and produced data 
used in the standard curve. A mass flow controller (SIERRA Instruments, Inc. California)) 
was used to regulate the NO standard gas flow and a mass flow meter was used to measure 
the total gas flow at the LMA-3D outlet. Fig. 3.2 provides a schematic of the calibration 
procedure.  During the construction of the standard curves the known NO standard gas 
mixture entering the LMA-3D created an absorbance reading which was output as a 
concentration in units of nL L-1 (ppbV). This concentration reading was adjusted using the 
span potentiometer on the LMA-3D so, that the reading (ppbV) matched the concentration of 
the standard gas mixture. This adjustment was made for the lowest standard only and then the 
other standard gas mixtures were run. Then the standard curve of the concentration reading 
versus the theoretical concentrations of the standard gas mixture was constructed (for both 
NO and NO2) (Fig. 3.3 & 3.4). These standard curves had a linear form (y = ax + b), where y 
was the concentration reading and x the standard gas concentration of NO or NO2. To 
calculate an unknown concentration (x) the linear equation was rearranged to solve for x. The 
LMA-3D was calibrated prior to each set of measurements. When an NO flux was determined 
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the NO gas concentration values were recorded over time (see Fig. 3.5) and then converted to 
actual NO concentrations using standard curves to to determine dC/dt (see section. 3.4) 
 
Figure 3.2 Schematic of the calibration procedure carried out for LMA-3D 
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Figure 3.3 Calibration curve for NO using LMA-3D instrument 
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Figure 3.4  Calibration curve for NO2 using LMA-3D instrument. 
3.4 Determination of NOx fluxes 
To calculate the flux of NO the LMA-3D was connected to the headspace chamber of either 
the field plot or a Mason jar in the laboratory, so that headspace gas could be circulated. This 
was achieved by using a closed gas circuit where air was drawn out of the headspace by the 
LMA-3D, which then analysed the air, prior to the air being returned to the headspace 
chamber or mason jar, via a drierrite and Purafil® scrubber (Purafil Inc.) to remove water 
vapour and NOx respectively. The flow rate of the air moving through the LMA-3D was 
monitored and controlled by the LMA-3D flow gauges. The NO fluxes were then calculated 
as follows:  
  
A
QC
A
V
dt
dCF ANO                                                                                                            (3-1)                    
 
where, FNO is the NO flux (µg NO-N m-2 h-1), dC/dt is the change in NO concentration over 
change in time (µg NO-N m-3 h-1), V is the internal chamber volume (m3), A is the surface area 
of the chamber (m2), CA is the average NO concentration during the time interval of 
regression (µg NO-N m-3) and Q is the recirculating air flow rate (m3 h-1). 
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 Plate 3.2 Closed gas circuit used for NO flux measurement, showing soil core inside gas 
sampling Mason jar. 
 
In the field, NOx flux measurements were taken by first switching the LMA-3D on and 
allowing it to warm-up and for the ambient reading to stabilise. It was then connected to a 
Teflon® coated stainless steel chamber which had vacutainer stoppers (red with no additives, 
Becton-Dickinson, NJ) installed in the top of the chambers as septa. To take the flux reading, 
the chamber was placed onto a PVC ring (19.5cm diameter) previously inserted into the 
middle of each urine patch (section 7.2.1, Plate, 7.1). The Teflon® chamber was 20 cm in 
diameter and 11 cm high (3454 cm3). On each sampling day, NOx flux determinations were 
made between 12.00 and 15.00 hours. The concentration readings were taken every five 
seconds until the rate of increase in the NOx concentration declined. Figure 3.5 shows the plot 
of NO-N concentration versus time from a field experiment. The chamber was left in position 
measuring the increasing concentration of NOX in the headspace until the readings stabilised. 
Then the chamber was removed to allow the dispersion of any gases that had accumulated in 
the headspace prior to any subsequent N2O flux determinations (see below). The value of 
dC/dt was calculated by using only the linear phase of the ‘concentration vs time’ plots and 
calculating CA, using the calibration plot, at two times to generate ‘dC’ with ‘dt’ the 
corresponding time interval. 
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Figure 3.5 Example of NO concentration readings taken during the field experiment from 
a chamber. 
 
In the laboratory NOx flux measurements were again made by allowing the LMA-3D to 
warm-up. The soil core to be analysed for NOx flux was then placed into a 0.59 L Mason jar 
that was then sealed with a Perfit seal (Unilever, NZ), fitted with a septa. This created a 
headspace of 0.46 L. The base of the soil core sat on the bottom of the Mason jar and gas 
diffusion into the headspace occurred only from the top of the soil core (plate, 3.2). Then the 
0.46 L headspace was flushed with compressed air for 1 minute. This provided a standard 
headspace gas composition at time zero for all laboratory determinations. The Mason jar was 
connected to the LMA-3D via septa in the screw-cap. The NOx readings were taken and used 
in calculations as described above for the field flux determinations. 
3.5 Determination of N2O fluxes 
In the field, the Teflon® coated chambers were placed onto the previously inserted PVC rings. 
Then headspace gas samples (10 mL) were taken at regular intervals of 0, 15, and 30 minutes 
using a 20 mL glass syringe equipped with size 25 G 5/8 (0.5 * 16.0 mm) needles (Precision 
Glide, Becton-Dickinson, NJ) attached to a 3 way-valve. The headspace gas samples were 
placed into pre-evacuated 6 mL glass vials (Exetainer® tubes, Labco Ltd.UK), causing them 
to be over pressurized, thus preventing back diffusion of ambient air. Prior to gas 
chromatographic analysis (N2 carrier gas, ECD 63Ni detector, SRI-8610C, CA, USA; Sherlock 
et al. (2002), the sample vials were equilibrated to ambient atmospheric pressure using a 
double-ended needle. The GC was calibrated with N2O gas standards (BOC Industrial Gases 
Ltd, NZ). 
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In the laboratory, N2O samples were taken from the Mason jars, as described above, a further 
20 minutes after the NOx flux had been measured. Checks were made to ensure that the N2O 
gas concentration increased at a linear rate over the twenty minute period. The N2O flux was 
calculated as follows: 
 
ATR
MwtVCC
F ONitON 
 22 )(                                                                                            (3-2)                    
 
where, FN2O is the N2O flux (g N2O m-2 h-1), Ct and Ci are the N2O concentrations at time t 
and time zero (L N2O L-1), V is the headspace volume (L), MwtN2O is the mass of a mole of 
N2O (g N2O mol-1), R is the universal gas constant (8.314472 J K-1 mol-1), T is the 
temperature (K) and A the soil surface area (m2). 
3.6 Soil measurements 
3.6.1  Soil pH 
Soil surface pH was measured using a Hanna HI 9025C portable pH meter fitted with a soil 
surface probe (Broadley-James Corporation, Irvine, CA, USA). This was calibrated with 
buffer solutions in the laboratory prior to use in the field. The soil surface was moistened with 
one drop of deionised (DI) water prior to placing the probe on the surface.  
Bulk soil pH was measured by diluting soil samples 1: 2.5 with deionised water, shaken by 
hand for approximately 30 seconds. The pH was measured with a pre-calibrated pH meter 
equipped with a Broadley James pH electrode. The pH meter was calibrated using buffer 
solutions of pH 4 and 7. 
3.6.2  Soil inorganic-N determinations 
Soil inorganic-N concentrations were determined by extracting the soil with 2 M KCl 
(Mulvaney, 1996) and analysing the extracts with colorimetric flow injection methods for 
NH4-N, NO2-N and NO3-N (Alpkem, FS 3000).  
3.6.3  Water-filled pore space 
The water-filled pore space was determined using gravimetric soil water content (θg) and soil 
bulk density. The determination of gravimetric soil water contents (θg) was performed on sub-
samples of soil. This was done by drying soil at 105oC for 24 h and recording the changes in 
mass. In the field, soil bulk density was determined, by taking soil cores (5 cm diameter) to a 
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depth of 7 cm and drying them in the oven at 105oC. The bulk density (ρb) (was then 
measured by using the following formula (bulk density = mass dry soil (g)/volume of soil 
(cm3)). 
The following equation was used to calculate θg: 
d
dw
g M
MM )(                                                                                                                                                                             (3-3)                             
where, θg is gravimetric water content (g water g-1 oven dry soil), Mw is mass of wet soil (g) 
and Md  is mass of oven dry soil (g). 
Then θg was converted to volumetric soil water content as follows: 
bgv                                                                                                                             (3-4)
                                                                                                               
Where, θv is volumetric water content (cm3 water cm-3 soil) and ρb is bulk density (g soil cm-3 
soil). 
Soil porosity (cm3 voids cm-3 soil) was calculated as follows: 
p
b

  1                                                                                                                           (3-5)
                                                                                                             
Where ρp is the soil particle density, assumed to be 2.65 g cm-3 
Finally, soil WFPS (%) was determined as follows: 
1
100)(  
 bgWFPS                                                                                                      (3-6)                    
   
 
3.6.4  Meteorological data and soil temperature 
Rainfall data for the field experiments were taken from the Lincoln University Meterological 
Station a distance of 2 km from the field site. Soil temperature at a depth of 7 cm was 
recorded at the time of gas sampling at the field site. 
3.7 Statistical analyses 
Data were analysed using either Genstat (version 8.2) or Minitab (version 15). Repeated 
measure ANOVA was performed to test for differences of means at the 0.05 level of 
significance. In some situations, data showed significant departures from normality and in 
these instances, the data were log transformed prior to analyses. Pearson correlation and 
multiple linear regressions were performed. 
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3.8 Field experimental site 
The experimental site was situated on a sheep grazed pasture at Lincoln University. The soil 
was a Templeton silt loam soil (Pallic Typic soil, New Zealand Soil Classification) (Hewitt, 
1998) with a pasture sward of perennial rye grass (Lolium perenne L.) and clover (Trifolium 
repens). Major physical and chemical characteristics of the soil are presented in Table 3-1. 
 
 
 
Table 3-1 Physical and chemical characteristics of soil at the field site. 
 
Analysis Results 
pH 6.0 
Olsen P   (mg kg-1) 15 
Potassium  (cmol kg-1) 0.2 
Calcium  (cmol kg-1) 8.7 
Magnesium   (cmol kg-1) 0.9 
Sodium   (cmol kg-1) 0.2 
CEC   (cmol kg-1) 14.0 
Base saturation (%) 74 
Organic matter (g kg-1) 50 
Total Carbon (g kg-1) 29 
Total Nitrogen (g kg-1)  2.6 
C: N Ratio 11.1 
AMN: TN Ratio(a) 4.3 
Total Phosphorus (mg kg-1) 519 
Anaerobically mineralisable N (mg kg-1) 112 
Bulk density (g cm-3) 0.95 
 
(a)AMN:TN ratio is ammonium to total Nitrogen ratio. 
 
 
 
 
 
 
 
 
 
 24
 
 
 
 
 
 
3.9 Laboratory experiments 
A Paparua-Templeton silt loam soil (Pallic Typic soil, New Zealand Soil Classification) 
(Hewitt, 1998) was selected for the laboratory experiments. The chemical and physical 
properties of this soil were comparable to the field experimental site. The soil was collected to 
a depth of 10 cm from the Lincoln University dairy farm (north paddock 1) of a previously 
grazed pasture. The soil was air-dried and sieved (< 2 mm) and stored at room temperature in 
plastic bags for future use in the laboratory. 
 
Table 3-2 Physical and chemical characteristics of soil used in the laboratory experiments 
 Analysis Results 
pH 5.2 
Olsen P (mg kg-1) 15 
Potassium (cmol kg-1) 0.3 
Calcium (cmol kg-1) 6.3 
Magnesium (cmol kg-1) 0.6 
Sodium (cmol kg-1) 0.2 
CEC (cmol kg-1) 13 
Base saturation (%) 56 
Organic matter (g kg-1) 50 
Total Carbon (g kg-1) 26 
Total Nitrogen (g kg-1) 3 
C: N Ratio 10.6 
AMN: TN Ratio 2.1 
Total Phosphorus (mg kg-1) 457 
Anaerobically mineralisable N (mg Kg-1) 51 
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    Chapter 4 
Influence of soil pH on NOx and N2O emissions 
from bovine urine applied to soil cores 
4.1 Rationale 
Both biotic and abiotic processes are responsible for the production of NOx and N2O gases 
(Firestone & Davidson, 1989). These processes may potentially be affected by changes in soil 
pH because biological processes such as nitrification, denitrification, and dissimilatory NO3- 
reduction to NH4+ (DNRA) and the chemical equilibrium between NO2- and HNO2 are 
affected by soil pH (Cheng et al., 2004a; Cheng et al., 2004b; Clough et al., 2004; Haynes & 
Sherlock, 1986; Remede & Conrad, 1991; Stevens et al., 1998). Abiotic denitrification, or 
chemodenitrification, can also occur under acidic soil pH conditions (< 5.0) when NO2- is 
present in soil (section 2.3). 
In grazed pastures in New Zealand, the soil pH is a dynamic variable that changes as a result 
of lime application, ruminant urine deposition and subsequent chemical and biological 
reactions in the urine patch. Lime is traditionally applied by the farmers to raise the soil pH, 
with a soil pH of 6 often targeted for New Zealand soils (McLaren & Cameron, 1996). 
Following ruminant urine deposition, the process of urea hydrolysis ensues with subsequent 
and rapid elevation of the soil pH (section 2.6). Then the soil pH declines over time (ca. 30 
days) as a result of ammonia volatilisation and nitrification processes (section 2.6). In the 
urine patch there is also the potential for abiotic NOx production (section 2.6). 
The effect of soil pH on NOx emissions from ruminant urine patches has not been studied, and 
studies on the effect of soil pH on N2O emissions under such conditions are also very rare. 
One study has shown soil pH to affect N2O emissions from simulated urine patches as a 
consequence of changes in nitrification rates (Clough et al., 2003a). Since NO is also a 
product of the nitrification process, it was hypothesised that similar effects may occur with 
respect to the emissions of NOx. The release of NO from soils has also been shown to be a 
function of the HNO2 concentration which itself is a function of soil pH (e.g. Venterea & 
Rolston, 2000a). The objective of the present study was to obtain a better understanding of the 
effect of soil pH on NOx production and processes following bovine urine applications to 
soils. 
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4.2 Materials and Methods 
4.2.1  Soil pH adjustment and moisture content 
The previously collected pasture soil (section. 3.9) had a pH of 5.2 (10 g air-dried soil: 25 mL 
water). To amend the soil pH, hydrated lime [Ca(OH)2] was mixed with air-dried soil at rates 
equal to 0, 0.10, 0.15, 0.30, 0.50, or 0.90 g  160 g-1 of air-dried soil and left for two weeks, 
and the soil pH values found were 5.2, 5.7, 6.0, 6.8, 6.9, and 7.6, respectively. The pH 
buffering capacity of the soil was not used to estimate the amount of lime to add to the soil to 
establish the range of pH values. Further air-dried soil was treated with 20 mL of 0.05 M HCl 
160 g-1 of air-dried soil to lower the pH to 4.4. Soils were then mixed with a known amount of 
deionised (D.I) water in plastic bags to bring them almost to field capacity, prior to packing 
the soil into (5 x 9 cm) polyvinyl chloride (PVC) cores to a depth of 7.5 cm and a bulk density 
of 1.0 g cm-3. Weighing and watering of the cores was performed using a hand held sprayer, 
every 2ndor 3rd day of the experiment to maintain the soil moisture content at a mean of 34% 
WFPS.  
4.2.2  Treatments and Experimental Design 
Soil pH cores treated with urine had 6 soil pH levels as follows: 4.4, 5.7, 6.0, 6.8, 6.9, and 7.6.  
The original air-dried soil (pH 5.2), unadulterated by lime or urine, was also included as a 
control for measured variables. Sampling dates for destructive soil analyses were 7, 14, 21, 
28, and 35 days after urine application. This gave a total of 105 cores (6 pH treatments with 
urine plus the control soil without urine, by 5 sampling dates by 3 replicates). These were 
arranged in a randomized block design in a constant temperature room (21oC). Cow urine was 
collected from cows at the Lincoln University dairy farm milking platform that had been 
grazing ryegrass (Lolium perenne)/white clover (Trifolium repens) pasture. Collected urine 
contained 7 g N L-1. This was increased to 10 g N L-1 by adding urea in order to maintain the 
nitrogen content the same in all the cores and for the future laboratory based work in this 
thesis . Urine was applied to all the soil cores, except those at pH 5.2, at the conservative rate 
of 500 kg N ha-1 calculated on area basis, by carefully pipetting 10 mL onto the soil surface 
thus bringing the soil moisture content to field capacity. 
4.2.3  Soil sampling and analyses 
At each destructive sampling time, the soil surface pH was taken, and then the soil was 
extruded, mixed well, and sub-sampled. Soil inorganic-N, bulk soil pH, and θg were then 
determined (section 3.6). At each destructive sampling time 21 cores (3 replicates x 7 soil pH 
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levels) were destructively sampled. Calculation of the theoretical HNO2 concentration was 
determined as noted below (section 4.2.5) based on the soil surface pH. 
4.2.4  N2O and NO Sampling and analyses 
Nitrous oxide and NOx sampling and respective flux determinations were performed as 
described above (section. 3.3- 3.5). Measurements for NOx were taken on the following days 
0, 1, 2, 4, 7, 11, 14, 15, 16, 18, 21, 22, 23, 25, 28, 29, 30, and 32 while N2O fluxes were 
measured on days 0, 4, 7, 11, 18, 21, 25, 28, 30 and 36. 
4.2.5  HNO2 calculation 
Concentrations of HNO2 were calculated using the measured total NO2- -N concentrations, 
surface soil pH and the acid dissociation constant (pKa = 3.3) as follows (Van Cleemput & 
Samater, 1996): 
 
   1)( 222 10 
 pKapH
HNONOHNO                                                                                                      (4-1)                  
 
4.2.6 Statistical analyses 
All statistical analyses were performed using Minitab (V15). A repeated measure ANOVA 
was performed to test for the differences of means at the 0.05 level of significance. When data 
did not follow a normal distribution they were log10(value + 1) transformed prior to analysis. 
Pearson correlation and multiple linear regression analyses were also performed. 
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4.3  Results 
4.3.1  Soil NH4+-N concentrations 
Soil NH4+-N concentrations ranged from 6.4 to 26.7 µg g-1 dry soil when urine was absent 
(Fig. 4.1). Following urine application NH4+-N concentrations increased significantly (P < 
0.01, Fig. 4.1) with a soil pH treatment effect occurring. The highest mean NH4+-N 
concentrations occurred on day 7 and ranged from 880 to 647 µg g-1 dry soil with soil NH4+-N 
concentrations negatively correlated with the initial soil pH (r = -0.72, P < 0.01). This 
relationship between NH4+-N concentrations and initial soil pH was repeated as NH4+-N 
concentrations decreased over time, following their peak at day 7. When the NH4+-N 
concentration data were pooled over all sample days the correlation with initial soil pH 
remained strong (r = -0.46, P < 0.01). There was no interaction between soil pH treatment and 
time (Fig. 4.2). 
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Figure 4.1 Mean soil NH4+ -N concentrations over time for the non-urine soil (pH 5.2) and 
the urine treated soils with varying initial pH values (n = 3, error bars are ± the s.e.m). 
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Figure 4.2 Mesh plot of soil NH4+-N concentrations over time versus initial soil pH for the 
urine treated soils. 
 
 
 
 
 
 
 
4.3.2  Soil NO2--N concentrations  
Without urine application, mean soil NO2--N concentrations ranged from 0.93 to 2.39 µg 
g-1 dry soil while in the urine treated soils they ranged from 0.79 to 3.56 µg g-1 dry soil. The 
initial soil pH had no significant effect on soil NO2--N concentrations (P = 0.15) at day 7, but 
on days 14 and 21 higher NO2--N concentrations occurred at soil pH 7.6 with no significant 
differences among the other treatments (Fig. 4.3). With sampling time as a factor, soil NO2--N 
concentrations decreased significantly as time progressed (r = -0.64, P < 0.01) (Fig. 4.2). 
There was no interaction between initial soil pH treatment and time (P = 0.69) (Fig. 4.4). 
When data from all sampling dates were pooled soil NO2- -N concentrations correlated with 
soil NH4+-N concentrations (r = 0.43, P < 0.01) but the only correlation between these two 
variables at any individual sampling day occurred on day 21 (Table, 4.3-4.6) . 
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Figure 4.3 Mean soil NO2- -N concentrations over time for the non-urine soil (pH 5.2) and 
the urine treated soils with varying initial pH values (n = 3, error bars are ± the s.e.m.). 
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Figure 4.4 Mesh plot of soil NO2- -N concentrations over time versus initial soil pH for 
the urine treated soils. 
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Table 4-1 Bivariate correlation between measured soil variables and gaseous N (NO-N 
and N2O-N) fluxes for data sets pooled over time for the experimental period. 
 Initial soil pH NOx-N 
Soil 
pH N2O-N NH4
+-N NO3--N NO2--N HNO2 WFPS 
NOx-N 0.14 0.18         
Soil pH 0.56 0.00 
-0.25 
 0.00        
N2O-N 0.45 0.00 
 0.00 
 0.98 
 0.51 
0.00       
NH4+-N -0.46 0.00 
-0.29 
 0.01 
0.29 
0.00 
-0.11 
0.29      
NO3--N 0.48 0.00 
 0.17 
 0.10 
-0.14 
 0.18 
0.07 
0.50 
-0.75 
 0.00     
NO2--N 0.17 0.10 
-0.09 
 0.37 
 0.56 
 0.00 
0.17 
0.12 
 0.43 
 0.00 
-0.33 
0.00    
HNO2 -0.31 0.00 
 0.18 
 0.09 
-0.63 
 0.00 
-0.21 
 0.05 
-0.33 
 0.00 
0.03 
0.77 
-0.24 
0.02   
WFPS 0.08 0.45 
 0.17 
 0.11 
 0.12 
 0.27 
0.19 
0.08 
-0.06 
 0.56 
-0.02 
0.86 
0.03 
0.81 
0.02 
0.84  
N2O-N:NO-N 0.09 0.36 
-0.31 
 0.00 
 0.29 
 0.00 
0.57 
0.08 
 0.17 
 0.56 
-0.18 
0.86 
0.18 
0.09 
-0.10 
0.33 
0.17 
0.11 
 
 
 
 
Table 4-2 Bivariate correlation between measured soil variables and gaseous N (NO-N 
and N2O-N) fluxes for day 7. 
 Initial soil pH NOx-N Soil pH  N2O-N   NH4
+-N   NO3--N   NO2--N  HNO2  WFPS 
NOx-N -0.01 0.99         
Soil pH 0.89 0.00 
 0.04 
 0.88        
N2O-N 0.36 0.15 
 0.12 
 0.64 
0.49 
0.04       
NH4+-N -0.72 0.00 
 0.01 
 0.96 
-0.61 
0.01 
-0.33 
0.18      
NO3--N 0.37 0.13 
-0.43 
 0.08 
0.28 
0.21 
0.53 
0.02 
-0.30 
0.22     
NO2--N 0.14 0.58 
 0.83 
 0.00 
0.18 
0.48 
-0.01 
0.96 
0.08 
0.77 
-0.43 
 0.07    
HNO2 -0.66 0.00 
 0.25 
 0.31 
-0.67 
0.00 
-0.03 
0.91 
0.36 
0.15 
-0.06 
 0.82 
0.06 
0.83   
WFPS 0.25 0.32 
 0.31 
 0.20 
0.36 
0.14 
0.14 
0.58 
-0.00 
0.98 
-0.15 
 0.56 
0.54 
0.54 
-0.23 
-0.23  
N2O-N:NO-N 0.09 0.73 
-0.74 
 0.00 
0.13 
0.61 
0.32 
0.19 
-0.08 
0.74 
0.44 
0.07 
-0.65 
 0.00 
-0.19 
 0.46 
-0.29 
 0.23 
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Table 4-3 Bivariate correlation between measured soil variables and gaseous N (NO-N 
and N2O-N) fluxes for day 14. 
 Initial soil pH   NOx-N Soil pH   N2O-N   NH4
+-N   NO3--N   NO2--N    HNO2    WFPS 
NOx-N 0.43 0.07         
Soil pH 0.86 0.00 
 0.37 
 0.13        
N2O-N 0.66 0.00 
 0.15 
 0.55 
 0.74 
 0.00       
NH4+-N -0.87 0.00 
-0.49 
0.04 
-0.84 
 0.00 
 -0.71 
  0.00      
NO3--N 0.58 0.01 
 0.58 
 0.01 
 0.40 
 0.09 
  0.33 
  0.18 
-0.46
 0.06     
NO2--N 0.35 0.15 
 0.23 
 0.36 
 0.38 
 0.12 
  0.33 
  0.18 
-0.39
 0.10
-0.11 
 0.67    
HNO2 -0.55 0.02 
-0.11 
 0.67 
-0.73 
 0.00 
 -0.47 
  0.04 
 0.48
 0.05
-0.21 
 0.41 
-0.17 
 0.51   
WFPS 0.16 0.53 
 0.28 
 0.26 
 0.23 
 0.37 
 0.49 
 0.04 
-0.42
 0.08
 0.09 
 0.69 
 0.42 
 0.09 
-0.14 
 0.57  
N2O-N:NO-N 0.19 0.44 
-0.39 
 0.11 
 0.23 
  0.36 
 0.68 
 0.00 
-0.14
 0.57
-0.13 
 0.60 
 0.17 
 0.51 
-0.25 
 0.31 
0.39 
0.11 
 
  
Table 4-4 Bivariate correlation between measured soil variables and gaseous N (NO-N 
and N2O-N) fluxes for day 21. 
 Initial soil pH  NOx-N  Soil pH  N2O-N  NH4
+-N  NO3--N  NO2--N   HNO2   WFPS 
NOx-N  0.37  0.13         
Soil pH  0.80  0.00 
 0.19 
 0.43        
N2O-N  0.79  0.00 
 0.37 
 0.13 
 0.62 
 0.01       
NH4+-N -0.88  0.00 
-0.32  
 0.19 
-0.73 
 0.00 
-0.70 
 0.00      
NO3--N  0.68  0.00 
 0.02 
 0.94 
 0.67 
 0.00 
 0.69 
 0.00 
-0.63 
 0.01     
NO2--N  0.56  0.01 
 0.24  
 0.33 
 0.75 
0.00 
 0.31 
 0.21 
-0.55 
 0.02 
 0.49 
 0.04    
HNO2 -0.71  0.00 
-0.13 
 0.61 
-0.85 
 0.00 
-0.49 
 0.04 
 0.66 
 0.00 
-0.47 
 0.05 
-0.43 
 0.07   
WFPS -0.20  0.42 
-0.19 
 0.44 
-0.01 
 0.98 
-0.56 
 0.02 
 0.15 
 0.53 
-0.23 
 0.36 
 0.38 
 0.13 
 0.07 
 0.77  
N2O-N:NO-N  0.45  0.05 
-0.43 
 0.08 
 0.44 
 0.07 
 0.54 
 0.02 
-0.37 
 0.13 
 0.78 
 0.00 
 0.23 
 0.36 
-0.35 
 0.15 
-0.29 
 0.23 
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Table 4-5 Bivariate correlation between measured soil variables and gaseous N (NO-N 
and N2O-N) fluxes for day 28. 
 
 Initial soil pH    NOx-N Soil pH  N2O-N NH4
+-N  NO3--N   NO2--N    HNO2   WFPS 
NOx-N 
0.20 
0.42         
Soil pH 0.75 0.00 
0.08 
0.74        
N2O-N 
0.35 
0.14 
-0.24 
 0.28 
0.55 
0.02       
NH4+-N 
-0.57 
0.01 
0.60 
 0.29 
-0.26 
 0.29 
-0.40 
 0.09      
NO3--N 
0.81 
0.00 
-0.17 
 0.49 
 0.65 
 0.00 
 0.36 
 0.13 
-0.55 
 0.02     
NO2--N 
0.43 
0.08  0.07  0.77 
 0.53 
0.02 
 
 0.35 
 0.16 
-0.29 
 0.23 
0.03 
0.88    
HNO2 
-0.52 
0.03 
-0.32 
 0.20 
-0.65 
 0.00 
-0.21 
 0.39 
-0.32 
 0.19 
-0.38 
 0.11 
-0.27 
0.28   
WFPS 0.19 0.45 
 0.15 
 0.56 
 0.23 
 0.37 
 0.21 
 0.40 
-0.39 
 0.11 
0.21 
0.40 
0.26 
0.29 
0.07 
0.78  
N2O-N:NO-N 
-0.24 
0.35 
-0.71 
 0.00 
-0.28 
 0.25 
 0.34 
 0.16 
-0.56 
 0.02 
0.04 
0.89 
-0.17 
 0.51 
0.73 
0.00 
0.05 
0.86 
 
 Table 4-6 Bivariate correlation between measured soil variables and gaseous N (NO-N 
and N2O-N) fluxes for day 35. 
 Initial    soil pH NOx-N 
Soil 
pH N2O-N NH4
+-N NO3--N NO2-
 
-N HNO2 WFPS 
NOx-N -0.28 0.26         
Soil pH 0.68 0.00 
-0.70 
 0.00        
N2O-N 0.16 0.53 
-0.55 
 0.02 
 0.54 
 0.02       
NH4+-N -0.88  0.00 
 0.22 
 0.39 
-0.57 
 0.01 
-0.26 
 0.30      
NO3--N 0.66 0.00 
-0.26 
 0.31 
 0.27 
 0.28 
 0.05 
 0.83 
-0.62 
 0.01     
NO2--N  -0.32 0.19 
 0.33 
 0.19 
-0.35 
 0.15 
-0.23 
 0.36 
 0.24 
 0.33 
-0.04 
 0.89    
HNO2  -0.41 0.09 
 0.62 
 0.01 
-0.75 
 0.00 
-0.27 
 0.27 
 0.15 
 0.55 
-0.23 
 0.37 
 0.30 
 0.22   
WFPS 0.06 0.80 
 0.15 
 0.56 
-0.07 
 0.79 
-0.22 
 0.39 
 0.01 
 0.99 
 0.09 
 0.69 
-0.02 
 0.93 
 0.31 
 0.22  
N2O-N:NO-N 0.42 0.08 
-0.70 
 0.00 
 0.72 
 0.00 
 0.75 
 0.00 
-0.50 
 0.03 
 0.31 
 0.21 
-0.38 
 0.12 
-0.48 
 0.04 
-0.30 
 0.23 
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4.3.3  Soil NO3--N concentrations 
In the non-urine treatment, the soil NO3--N concentrations ranged from 49.4 to 74.1 µg g-1 dry 
soil. After urine application, soil NO3--N concentrations increased and mean concentrations 
ranged from 66.8 to 495.1 µg g-1 dry soil. Soil NO3--N concentrations increased over time (r = 
0.48, P < 0.01), with the highest concentrations occurring at the second highest initial soil pH 
(6.9) treatment (Fig. 4.5). Correlations between soil NO3--N concentrations and the initial soil 
pH were highly significant on all sampling days except for day 7 (Table, 4-4). There was a 
significant interaction between the initial soil pH treatment and time on soil NO3--N 
concentrations with soil NO3--N concentrations increasing faster over time at higher initial 
soil pH values (P ≤ 0.01) (Fig. 4.6). When pooled over all sampling dates NO3--N 
concentrations were significantly and negatively correlated with soil NH4+-N concentrations  
(r = -0.75, P < 0.01) and soil NO2--N concentrations (r = -0.35, P < 0.01). For individual 
sampling days soil NO3--N concentrations and soil NH4+-N concentrations were correlated, 
with the exception of day 7 (Table, 4-4). Correlation between soil NO3--N and soil NO2--N 
concentrations at any individual sampling date only occurred at day 21 (Table, 4-6). 
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Figure 4.5 Soil NO3--N concentrations over time for the non-urine soil (pH 5.2) and the 
urine treated soils with varying initial pH values (n = 3, error bars are ± the s.e.m). 
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Figure 4.6 Mesh plot of soil NO3--N concentrations over time versus initial soil pH for the 
urine treated soils. 
 
 
4.3.4  Net NH4+-N depletion and NO3- -N accumulation rates 
The net NH4+-N depletion rates and net NO3--N accumulation rates were calculated by 
regression of NH4+-N and NO3--N concentrations versus time, as performed by Venterea & 
Rolston (2000a) (Table, 4.7). When these rates were plotted against the initial soil pH there 
was a significant linear regression between initial soil pH and net NH4+-N depletion rate (y = 
84x + 296; r2 =0.59; P = 0.06) (Fig. 4.7). A significant linear regression between initial soil 
pH and net NO3--N accumulation rate (y = 214x - 935; r2 =0.92; P = 0.002) also occurred 
(Fig. 4.7).  
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Table 4-7 Net NH4+-N depletion and net NO3- -N accumulation rates in urine affected soil 
as influenced by initial soil pH treatments. (n = 15, number of samples used for each 
individual pH calculation). 
(1)Accumulation and depletion rates obtained by linear regression of NH4+-N or NO3- -N 
concentrations vs. time; values in parentheses are regression coefficients (r2 values). 
Initial soil pH 
Depletion of NH4+-N(1)
(ng g-1 soil h-1) 
Accumulation of NO3--N(1)
(ng g-1 soil h-1) 
4.4 644 (0.83) 96  (0.65) 
5.7 870 (0.97) 274 (0.89) 
6 778 (0.98) 252 (0.96) 
6.8 740 (0.95) 463 (0.92) 
6.9 946 (0.98) 639 (0.91) 
7.6 959 (0.98) 719 (0.73) 
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Figure 4.7 Net NH4+-N depletion and net NO3- -N accumulation (ng g-1 soil h-1) in urine 
affected soil as influenced by initial soil pH treatments. (n = 15, number of samples used for 
each individual pH calculation). 
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4.3.5  Soil ammonium: nitrate ratio 
In the non-urine treated soil, the ratio of NH4+-N: NO3--N was < 1 for the entire study (Fig. 
4.8). Over all sampling days, as the soil pH increased the NH4+-N: NO3--N ratio decreased (r 
= -0.43, P < 0.01) (Fig.4.6). Correlations between the NH4+-N: NO3--N ratio and the initial 
soil pH in the urine treated soils were significant on all days except at day 7 (Table, 4-6). The 
NH4+-N: NO3- -N ratio correlated negatively with time (r = -0.63, P < 0.01) but no interaction 
between soil pH and time occurred (P = 0.62).  
Table 4-8 Correlation coefficients between the soil NH4+-N: NO3- -N ratio and initial soil 
pH treatment at each sampling time for the urine treated soil. 
 
Days     r value Significance value
7 -0.39 P = 0.11
14 -0.67 P < 0.01 
21 -0.91 P < 0.01 
28 -0.69 P < 0.01 
35 -0.90 P < 0.01 
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Figure 4.8 Soil NH4+-N: NO3--N ratios over time for the non-urine treated soil (pH 5.2) 
and the urine treated soils with varying initial pH values (n = 3, error bars are ± the s.e.m.) 
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4.3.6  Soil surface pH 
After urine application, the soil surface pH increased, and by day 7, the mean soil surface pH 
values ranged from 6.5 to 7.8 with little change by day 14 (6.6 to 7.6). At day 21, mean soil 
surface pH values had started to decrease with greater decreases in the initial soil pH 
treatments ≤ 6.8, (Fig. 4.9). This led to an interaction between initial soil pH and time (P < 
0.05) (Fig. 4.10). By the end of the experiment, the surface soil pH of the highest initial soil 
pH treatment had decreased to 7.0, below its original value (7.6), while in the lowest initial 
pH treatment the soil surface pH had still to reach its original value of 4.4 and remained at 
5.4. 
Soil surface pH was negatively correlated with NH4+-N on days 7, 14, 21, and 35 (Tables, 4-2 
to 4-6) while NO2--N and NO3--N correlated with soil surface pH on days 21, and 28 (Tables, 
4-4 and 4-5 respectively). 
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Figure 4.9 Soil surface pH after urine application over the experimental time. (n = 3, error 
bars are ± the s.e.m.) 
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Figure 4.10 Mesh plot of soil surface pH versus time and initial soil pH for the urine treated 
soils. 
4.3.7  Theoretical HNO2 concentrations 
The theoretical soil HNO2 concentrations were determined as outlined above (section 4.2.5), 
using the surface soil pH determinations for each destructive soil sampling event. On day 7, 
the concentrations of HNO2 did not differ due to initial soil pH (P = 0.59) and equalled 2 ng g-
1 dry soil at initial soil pH 4.4 and ≤ 0.4 ng g-1 dry soil in all the other urine treated soils. By 
day 14, HNO2 concentrations had decreased to be 1.5 ng g-1 dry soil at initial soil pH 4.4 and 
≤ 0.7 ng g-1 dry soil in all the other urine treated soils (P = 0.37). At day 21, HNO2 
concentrations had increased in all urine treated soils with a value of 3.2 ng g-1 dry soil at 
initial soil pH 4.4 with the concentration of HNO2 correlated (r = -0.91) with initial soil pH. 
These HNO2 concentrations had increased further by day 28 (Fig. 4.11), ranging from 30.6 at 
initial pH 4.4 to 0.2 at initial pH 7.6, with no statistical difference due to initial soil pH (P = 
0.41), but with a negative correlation between initial soil pH and HNO2 concentration (r = -
0.93). Further increases in HNO2 concentrations had occurred by day 35 in the initial soil pH 
treatments ≥ 5.7 with concentrations of 30 to 0.3 ng g-1 dry soil, again with a correlation to 
initial soil pH (r = - 0.92), but a decrease in HNO2 concentration had occurred in the initial 
soil pH treatment 4.4 (3.2 ng g-1 dry soil). The theoretical HNO2 concentration in the non-
urine treated soil at pH 5.2 was higher than the urine treated soils and ranged from 60 to 80 ng 
g-1 dry soil.  
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When data were pooled over all sampling occasions, the HNO2 concentrations were 
negatively correlated with the initial soil pH, soil surface pH, NH4+-N, and NO2--N 
concentrations with r values of -0.310, P < 0.01; -0.63, P < 0.01; -0.33, P < 0.01, and -0.24, P 
< 0.05, respectively (Table, 4-2). For individual sampling days the theoretical HNO2 
concentrations correlated with initial soil pH on days 7, 14, 21, and 28 while soil surface pH 
correlated with HNO2 on all days (Tables, 4-2 to 4-5). Soil NH4+-N concentrations correlated 
with HNO2 on days 14 and 21 (Table, 4-3 and 4-4) while NO2- -N correlated only on day 21 
(Table, 4-4). 
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Figure 4.11 Calculated HNO2 concentration in urine treated soil over time with varying 
initial soil pH treatments (n = 3, error bars are ± the s.e.m). 
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4.3.8  NOx fluxes 
There was no NO2 detected during the measurement periods. Where the soil received no urine 
(pH 5.2), the NO-N fluxes were 0 to 14.3 µg NO-N m-2 h-1. The addition of urine increased 
NO-N fluxes (Fig. 4.12) with the maximum NO-N flux, following urine application, recorded 
on day 11 in the 7.6 pH treatment (99.3 µg NO-N m-2 h-1) while the maximum mean flux in 
the pH 4.4 treatment, up to and including day 11, was 37.4 µg NO-N m-2 h-1. Up until day 11 
NO-N fluxes generally increased with increasing initial soil pH (Fig.4.12).  
After day 11 the NO-N fluxes decreased with few differences due to the initial soil pH over 
days 14 to 18, although NO-N fluxes were lower in the initial soil pH 4.4 treatment at this 
time. 
By day 21 NO-N fluxes were highest in the interim initial soil pH treatments (5.7 to 6.0) with 
lower NO-N fluxes in the initial soil pH treatments at pH 4.4 and pH 6.8 – 7.6. This trend in 
the NO-N fluxes continued until the end of the study (Fig. 4.12). 
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Figure 4.12 Mean NO-N flux over time for the non-urine treated soil (pH 5.2) and the urine 
treated soils with varying initial soil pH values (n = 3, error bars are ± the s.e.m). 
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The NO-N flux was influenced by a significant (P < 0.001) interaction between initial 
soil pH and time when data, over all sampling days, were pooled (Fig. 4.13). The NO-N 
fluxes did not correlate with soil NO3- -N concentrations when pooled over time but fluxes 
were correlated with NH4+-N concentrations (r = -0.29, P < 0.01) and soil surface pH (r = -
0.25, P < 0.05). For individual sampling days, the NO-N fluxes correlated with NH4+-N and 
NO3--N on day 14 (Table, 4-3)  and soil surface pH, N2O flux and HNO2 concentrations on 
day 35 (Table, 4-6).  
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Figure 4.13 Mesh plot of mean NO-N flux versus time and initial soil pH for the urine 
treated soils. 
 
The cumulative NO-N fluxes reflected the trends in the daily fluxes with the cumulative NO-
N fluxes in the urine treated soils, at initial pH values of  4.4, 5.7, 6.0, 6.8, 6.9 and 7.6, equal 
to 0.02, 0.05, 0.05, 0.05, 0.04, 0.04% of urine-N applied, respectively (Fig. 4.14- 4.15). At pH 
5.2 in the non-urine treated soil the NO-N cumulative flux equated to 0.004 g core-1. The 
cumulative NO-N flux as a percentage of urine-N applied was significantly lower (P < 0.01) 
in the acidic soil pH treatment (4.4) compared to the other initial soil pH treatments (Fig. 4.14 
and 4.15). 
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Figure 4.14 Cumulative NO-N emitted over time as a % of urine-N applied  for the non-
urine treated soil (pH 5.2) and the urine treated soils with varying initial pH values (n = 3, 
error bars are ± the s.e.m.). 
Initial soil pH
4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0
C
um
ul
at
iv
e 
N
O
-N
 (%
 o
f u
rin
e-
N
 a
pp
lie
d)
0.01
0.02
0.03
0.04
0.05
0.06
urine treated
 
Figure 4.15 Cumulative NO-N flux as a % of urine-N applied after 35 days versus the 
initial soil pH. (n = 3, error bars are ± s.e.m). 
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4.3.8.1  Net NH4+-N depletion and NOx fluxes 
As noted above (section 4.3.8) the NO-N flux data up until day 11 correlated with initial soil 
pH. 
The ammonium depletion rate (days 7 to 14) was also correlated to initial soil pH treatment as 
previously shown (section 4.4.4). Thus further examination of the NO-N flux data was 
performed for this period of the study. 
When the NH4+-N depletion rate was calculated between days 7 to 14, there was a strong 
exponential relationship with the initial soil pH treatment if the initial pH 4.4 treatment was 
excluded (Fig. 4.16). 
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Figure 4.16 Initial soil pH and NH4+-N depletion rate between days 7-14. Regression line 
includes all the initial soil pH treatments (5.7-7.6) except initial soil pH 4.4. (n = 3, error bars 
are ± the s.e.m). 
 
 
 
 
 
 
 
 
 
 
 46
As discussed earlier (section 2.6.1), NO-N emissions have been observed to be a function of 
N turnover. Thus the NO-N fluxes between (days 7-14) were plotted versus the NH4+-N 
depletion rate again excluding the initial soil pH treatment 4.4 from the subsequent regression. 
The NO-N flux rate increased with increasing depletion rates of NH4+-N (Fig. 4.17). 
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Figure 4.17 Relationship between the mean net NH4+-N depletion rate (days 7 to 14) and 
the mean net NO-N flux rate (days 7-11) at different initial soil pH treatments (5.7-7.6). 
Regression line excludes pH 4.4 treatment. 
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When the mean NO-N flux rate between days 7 to 11 (µg NO-N g-1 soil h-1) was expressed as 
a percentage of the net NH4+-N depletion rate (µg NH4+-N g-1 soil h-1) and then plotted against 
the initial soil pH treatment the percentage declined exponentially (r2 = 0.89) with increasing 
initial soil pH (Fig. 4-18). If this percentage was plotted against the soil surface pH on day 7 
and 14 the exponential relationship remained but the fit was poorer (r2 = 0.85, and 0.57 
respectively). 
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Figure 4.18 Net NO-N flux rate (mean between days 7 to 11) as a percentage of the mean 
net NH4+-N depletion rate (days 7 to 14) at different initial soil pH treatments. Regression line 
excludes the initial soil pH 4.4 treatment. 
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When the mean NO-N flux rate (days 7 to 11), expressed as a percentage of the mean NH4+-N 
depletion rate (µg NH4+-N g-1 soil h-1), was plotted against the H+ ion concentrations of the 
initial soil pH treatments, the relationship became linear and improved further when the initial 
soil pH treatment 4.4 was excluded (Fig. 4.19). 
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Figure 4.19 The H+ ion concentrations of the initial soil pH treatments versus the mean 
NO-N flux (mean days 7 to 11) as a percentage of the net NH4+-N depletion rate (mean days 7 
to 14). The regression excludes the initial soil pH 4.4 treatment which had x-y co-ordinates of 
(3.98e-5, 2.34).  
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4.3.9  N2O fluxes 
In the absence of urine, the N2O-N fluxes ranged from 1.5 to 32 µg N2O-N m-2 h-1. With urine 
application, these fluxes ranged from 2.7 to 115.6 µg N2O-N m-2 h-1. The magnitude and 
duration of the N2O fluxes were higher in the presence of urine and they were affected by the 
initial soil pH treatment (P < 0.01) and time (Fig. 4.20 - 4.21). Generally, over time N2O 
fluxes were highest between initial soil pH values of 6.8 to 7.6 with no significant differences 
between these pH treatments, (6.8, 6.9, and 7.6). But fluxes from these high pH treatments 
were significantly different from the lowest pH treatment (4.4) and the interim initial soil pH 
treatments (5.7, and 6.0). Significant increases in the N2O fluxes were observed on day 11 in 
the highest initial soil pH treatments (Fig 4.20). There was a significant interaction between 
initial soil pH and time on N2O fluxes (P < 0.05) (Fig. 4.21), where maximum N2O fluxes 
occurred at the highest initial soil pH treatments and over days 11 through to the end of the 
experimental measurements (Fig. 4.20). 
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Figure 4.20 Mean N2O-N flux over time for the non-urine treated soil (pH 5.2) and the 
urine treated soils with varying initial pH values (n = 3 replicates and error bars are ± the 
s.e.m.). 
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Figure 4.21 Mesh plot of mean N2O-N flux versus time and initial soil pH for the urine 
treated soils. 
 
When the N2O-N flux data from all the sampling dates were pooled, N2O-N fluxes were 
significantly correlated with the initial soil pH and soil surface pH (r = 0.446, P < 0.01; r = 
0.51, P < 0.01) respectively (Table, 4-1). Over the entire period, the N2O fluxes were also 
significantly correlated with the soil NO2--N concentration (r = 0.564, P < 0.01), although at 
any given sampling date there was no significant correlation between these two variables. 
Fluxes of N2O-N were significantly correlated with the soil NH4+-N concentrations for the 
pooled data set (r = 0.291, P < 0.01). For individual sampling days, the N2O-N fluxes 
correlated with NH4+-N concentrations on days 7, 14, and 21 (Tables 4-2 to 4-4). When 
pooled over time the data showed no significant relationship between N2O-N and soil NO3--N 
concentrations. However, at day 7 (r = 0.53, P < 0.05) and 21 (r = 0.69, P < 0.01) significant 
correlations between these two variables were observed. The N2O-N fluxes were negatively 
correlated with the HNO2 concentration (r = -0.211, P < 0.05) for the pooled data set, and 
with significant correlations observed on days 14 and 21 (Tables, 4-3 to 4-4). There was no 
significant correlation between the N2O-N and NO-N fluxes for the pooled data set however, 
on day 35 both fluxes were negatively correlated (r = -0.55, P < 0.05). 
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The cumulative N2O emissions as a percentage of N applied increased with increasing 
initial soil pH between initial pH 5.7 to 7.6 ( 144.0034.0  xy ; r2 = 0.94). But at initial soil 
pH 4.4, the cumulative N2O-N flux did not differ from that at pH 5.7 (Fig. 4.22). Means 
ranged from 0.03 - 0.1% after 36 days (Fig. 4.22- 4.23). 
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Figure 4.22  Cumulative N2O-N emitted over time for the non-urine treated soil (pH 5.2) 
and the urine treated soils with varying initial pH values (n = 3 error bars are ± the s.e.m.). 
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Figure 4.23 Cumulative N2O-N flux as % of urine-N applied from urine treated soil cores 
after 35 days, versus the initial soil pH (n = 3, error bars are ± s.e.m.). The regression shown 
excludes the initial soil pH 4.4. 
 
4.3.9.1  Net NH4+-N depletion and N2O fluxes between up until day 14. 
Given that significant relationships were established between the NH4+-N depletion rates and 
NO-N flux rates, an examination was performed of the former with relation to the N2O-N flux 
rates. 
Unlike the NO-N flux rate where a linear function best described the relationship, with the net 
NH4+-N depletion rate (Fig. 4.17), the N2O flux rates were best described by a logarithmic 
relationship (Fig. 4.24). 
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Figure 4.24  Relationship between NH4+-N depletion rate and N2O-N flux at different soil 
pH treatments (4.4-7.6) (n = 3, error bars are ± s.e.m.). 
 
When the N2O-N flux rate between days 7 to 14 was expressed as a percentage of the net 
NH4+-N depletion rate, a quadratic relationship was observed if this percentage was plotted 
against the initial soil pH treatment (Fig. 4.25). Optimal initial soil pH for N2O-N production 
between days 7 to 14 as a percentage of the NH4+-N depletion rate occurred at pH 5.9 with 
3.5% loss of NH4+-N as N2O-N (Fig. 4.25). 
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Figure 4.25  N2O-N flux rate  between days 7 to 14 as a percentage of NH4+-N depletion 
rate at different soils pH treatments (4.4-7.6) (n = 3, error bars are ± s.e.m.). 
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When this percentage was plotted against the surface pH at days 7 or 14 the respective 
quadratic regression fits were r2 = 0.55 or r2 = 0.67, respectively, with the optimum pH for 
N2O-N production at 7.2, equating to 2.95% of the net NH4+-N depletion rate (Fig. 4.26 ). 
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Figure 4.26 N2O-N flux rate as a percentage of NH4+-N depletion rate at different soils 
surface pH values on days 7 and 14 respectively (n = 3, error bars are ± s.e.m.). 
 
4.3.10  N2O-N: NO-N Ratio 
The initial soil pH treatment had no significant effect on the N2O-N: NO-N ratio over 
time (Fig. 4.27) when data were pooled over all sampling times. At any given individual 
sampling, significant differences only occurred at days 22, and 25 with higher N2O-N: NO-N 
ratios in the urine treated soil at the highest initial soil pH treatment (pH 7.6) and lowest at the 
initial soil pH treatment (pH 4.4), respectively, with no significant differences among the 
interim initial soil pH treatments (Fig. 4.28). The ratio of N2O-N: NO-N production was > 1 
in all urine treated soils until day 7 however, by days 11, 22, 25 and 30 the N2O-N: NO-N  
ratio was  < 1 in the interim soil pH treatments (5.7 – 6.0) compared to the lowest initial soil 
pH treatment (initial pH 4.4)  and highest initial soil pH treatments (initial pH 6.9-7.6). There 
was no interaction between the initial soil pH treatment and time on the N2O-N: NO-N ratio 
(Fig. 4.29). The N2O-N: NO-N ratio correlated with NH4+-N, NO2--N and NO3--N soil 
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concentrations (Tables, 4-2 – 4-5), but these correlations were transient with no consistent 
trends observed. 
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Figure 4.27 N2O-N: NO-N ratio production (µg m-2 h-1) over the experimental time at 
different pH treated soils (n = 3, error bars are ± s.e.m.). 
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Figure 4.28 N2O-N: NO-N ratio versus time for initial soil pH treatments (n = 3, error bars 
are ± s.e.m.) 
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Figure 4.29 Surface plot of mean N2O-N: NO-N ratio versus time and initial soil pH for the 
urine treated soils. 
 
4.3.11  WFPS 
Water-filled pore space averaged 33.4% when data were pooled over all sampling occasions 
and treatments. With the exception of day 35, no significant WFPS differences were observed 
with respect to initial soil pH treatments. On day 35 significantly (P < 0.01) higher WFPS 
values occurred at initial soil pH treatment 5.7 (Fig. 4.30). The only measured variable that 
WFPS correlated with was the N2O-N flux on days 14 and 21 (Tables, 4-3 – 4-4). 
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Figure 4.30 Soil WFPS (%) over time for the initial soil pH treatments. (n = 3, error bars 
are ± the s.e.m). 
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4.4  Regression analysis 
4.4.1  Prediction of NO-N fluxes. 
Nitric oxide fluxes were used as dependent variables while treatments and measured 
parameters (initial soil pH, NH4+-N, NO3--N, NO2--N, surface pH, HNO2, N2O flux, N2O-
N:NO-N ratio) were used as independent variables to predict NO fluxes. Following the 
procedure used by Venterea & Rolston (2000a) NO and N2O flux data were log transformed, 
and were subsequently termed log10NO and log10N2O respectively. Simple regression analysis 
revealed significant relationships (P < 0.01) between log10NO and the untransformed 
variables for the N2O-N: NO-N ratio on days 7, 14, 28, and 35 (r2 = 0.78 to 0.61) with no 
improvement in the regression relationships with log transformation of the N2O-N: NO-N 
ratio. Other significant regressions occurred with no regular pattern over time. Regression 
analysis of log10NO related significantly to NO2- on day 7 (r2 = 0.61), no variables on day 14, 
initial soil pH and N2O flux on day 21 (r2 = 0.24 and 0.37 respectively), HNO2 on day 28 (r2 
= 0.29), and HNO2 and surface soil pH on day 35 (r2 = 0.32 and 0.52 respectively). When 
pooling data over all sampling times, significant regressions (P < 0.01) occurred for log10NO 
and NH4+-N, NO3--N, soil surface pH and the N2O-N: NO-N ratio (r2 = 0.17, 0.07, 0.11, and 
0.32 respectively). Regression of log10NO-N against log transformed variables did not 
improve the previous regression relationships or reveal new relationships. 
 When multiple regression analyses were applied, the best predictors of the NO flux were 
inconsistent between sample days. On days 7, 14, 21, 28 and 35 the best predictors of  
log10NO were NO2-, N2O + NO3- + NH4+, no variables, initial soil pH treatment, and surface 
soil pH + NO3-  respectively (Table, 4-9). When these relationships were used to predict NO 
fluxes against measured NO fluxes, the regression coefficients ranged from 0.26 to 0.70 and 
were best on day 7. Relationships between log10NO and the measured soil variables were then 
assessed for each initial soil pH treatment. Table 4-10 shows the best fit regression analyses. 
No variable consistently produced the ‘best fit' relationships. 
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Table 4-9 Results of multiple linear regression for log10NO-N (µg m-2h-1) of urine treated 
soils at individual sampling occasions across all initial soil pH treatments. 
Days Multiple regression equation r2  P 
7 ][193.0230.0log 210
 NONNO  0.61 < 0.01 
14 ][0048.0][0038.0015.078.3log 34210
  NONHNONNNO  0.59 < 0.01 
21 Multiple regression non-significant 0.11 0.36 
28 0016.0284.0078.0log10  pHsoilinitialNNO  0.26 < 0.05 
35 ][0005.0329.051.3log 310
 NOpHsoilsurfaceNNO  0.51 < 0.01 
 
 
 
 
 
Table 4-10 Results of multiple linear regression for log10NO-N (µg m-2h-1) of urine treated 
soils at different initial soil pH treatments over time. 
 
Initial  Multiple regression equation r2  P 
4.4 ][15.6][0087.0214.0log 2310 HNONONNO    0.67 < 0.01
5.7 ][0076.015.135.9log 310
 NOpHlinitialsoiNNO  0.68 < 0.01
6.0 ][0018.033.2log 410
 NHNNO  0.59 < 0.01
6.8 ][0026.0728.0log 310
 NONNO  0.50 < 0.01
6.9 Multiple regression non-significant     <0.01 NS 
7.6 Multiple regression non-significant     <0.01 NS 
 
 
 
When the data were pooled across all sample dates and initial soil pH treatments for the urine 
treated soils, the multiple regression of surface soil pH, the N2O flux, NO3-, NO2- HNO2, and 
initial soil pH only explained 26% of the variability in the data. This improved slightly (27%, 
P < 0.05) if the N2O flux and NO3- variables were discarded so that: 
][05.0][91.644.022.060.2log 2210
 NOHNOpHsurfacesoilpHsoilinitialNNO
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4.4.2  Prediction of N2O-N 
When log10N2O-N was estimated for each sample day using multiple regression analysis (with 
data pooled across initial pH treatments), there were no variables consistently present in the 
best-fit regressions (Table, 4-11), although NO3- featured on both days 7 and 14. By day 28, 
no significant relationships could be established between measured variables and the N2O 
flux. 
Table 4-11 Results of multiple linear regression for log10N2O-N (µg m-2h-1) of urine 
treated soils at individual sampling occasions across all initial soil pH treatments. 
Days Multiple regression equation r2  P 
7 ][0041.011.1log 3210
 NONON  0.34 < 0.01
14 WFPSNOpHsoilNNONON   053.0][0015.0499.00019.090.3log 3210  0.80 < 0.01
21 ][158.0300.0109.0log 22  NOpHsoilInitialNON  0.69 < 0.01
28 Multiple regression non-significant 0.12 NS 
35 Multiple regression non-significant 0.25 NS 
 
 
Pooling the data over time, log10N2O-N was estimated for each initial soil pH treatment using 
multiple regression analysis. Nitrite was the only variable consistently present in the best-fit 
regressions (Table 4-12). At initial pH treatments 4.4, 6.0 and 6.8, no relationships could be 
established between measured variables and the N2O flux. 
 
Table 4-12 Results of multiple linear regression for log10N2O-N (µg m-2h-1) of urine 
treated soils at different initial soil pH treatments over time.  
 
Initial Multiple regression equation r2 P 
4.4 Multiple regression non-significant 0.12    NS 
5.7 ][144.0129.0842.0log 2210
 NOpHsoilsurfaceNON  0.35 < 0.05 
6.0 Multiple regression non-significant 0    NS 
6.8 Multiple regression non-significant 0.16    NS 
6.9 ][155][130.006.2log 22210 HNONONON    0.42 < 0.05 
7.6 WFPSNONON   0182.0][100.0977.0log 2210   0.30 < 0.05 
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4.5  Discussion 
4.5.1  Inorganic-N transformations and changes in soil pH 
Inorganic-N transformations were typical of those reported in other urine patch studies 
(Williams & Haynes, 1994), both in terms of inorganic-N concentrations and the duration of 
the net NH4+-N depletion periods. For example, Clough et al. (2004) using the same urine rate 
(synthetic) and soil (also repacked into soil columns) to examine the effect of initial soil pH 
on N2O and N2 emissions and the subsequent gas ratio, found comparable inorganic-N 
transformations and concentrations over a soil pH range of 4.7 to 7.2.  
Ammonium depletion and NO3-N accumulation occur as a consequence of nitrification 
with the relatively small NO2-N pool an intermediate in the nitrification process. The soil 
NO2-N concentrations in the current experiment were again comparable to previous studies 
(e.g. Clough et al., 2004) but what is noteworthy is the relatively low NO2-N concentrations 
when compared  to either the NH4+-N or NO3-N pools, indicating the high rate at which the 
NO2-N pool turned over. Nitrite is converted to HNO2 at pH values < 5 and it is more stable 
in the soil at pH values > 5 (Burns et al., 1996; Chalk & Smith, 1983; Van Cleemput & 
Samater, 1996). Thus, higher NO2-N concentrations occurred at the higher initial soil pH 
treatments for longer periods.  
Consistent with earlier studies raising the initial soil pH increased the nitrification rate 
with faster NH4+-N depletion and NO3-N accumulation (Goodroad & Keeney, 1983). Acidic 
soils restrict the oxidation of NH4+-N (Wrage et al., 2001), and nitrifying organisms (e.g. 
Nitrobacter) are known to be sensitive to acidic soil pH (Hunik et al., 1993). The optimum pH 
for nitrifiers has been reported to be 4.5 to 7 (Alexander, 1977; McLaren & Cameron, 1990). 
In the current study, an increase in soil pH of one unit enhanced the rate of NH4+-N depletion 
by 84 ng g-1 soil h-1 while the rate of net accumulation of NO3--N increased by 214 ng g-1 soil 
h-1 (Fig. 4.5).  The net NH4+-N depletion (649-959 ng g-1 soil h-1) and NO3-N accumulation 
rates (96-719 ng g-1 soil h-1) measured in this study (Table, 4.7) were of a similar magnitude 
to those measured by Venterea & Rolston (2000a), who recorded net NH4+-N depletion rates 
of 225-800 ng N g-1 h-1 and net NO3-N accumulation rates of 155-995 ng N g-1 h-1, in a study 
examining mechanisms of NO production in 3 soils (pH 5.6 – 6.5 measured in 1 M KCl), that 
had initial NH4+-N concentrations of ca. 230 to 800 g N g-1 soil.  
The NH4-N: NO3-N ratio provided no insight into the gaseous N fluxes but provided 
another measure that demonstrated the effect of initial soil pH on the rate of NH4+-N depletion 
and NO3--N accumulation and the faster nitrification rates with increasing initial soil pH. 
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Soil surface pH increases occurred as a result of the hydrolysis of urea (Jarvis & Pain, 1990). 
The subsequent decrease in soil pH occurs initially as a result of NH3 volatilisation (Sherlock 
& Goh, 1984), and then as a result of nitrification, where the oxidation of NH4+ to NO2- 
releases two H+ ions for each NH4+ ion oxidised (Bremner & Blackmer, 1981). At higher 
initial soil pH levels, the soils were better able to buffer the decline in soil pH (Fig. 4.9). This 
combination of enhanced buffering and high initial soil pH lead to faster depletion of NH4+-N, 
and enhanced NO3-N accumulation at the higher levels of initial soil pH. 
4.5.2 HNO2 concentrations 
Increases in HNO2 concentrations over time were a function of the declining surface soil pH 
in all treatments. Where the rate of soil pH decline was greater, in the more acid soils, the 
theoretical HNO2 concentration increased over time, despite the trend for the NO2- 
concentrations to decrease over time. These theoretical HNO2 concentrations (≤ 0.03 g g-1 
dry soil) are low when compared with those of Venterea & Rolston, (2000a), where HNO2-N 
concentrations ranged from 0.1-0.5 g g-1 soil. However, in the Venterea & Rolston (2000a), 
study the periods of peak HNO2 concentrations coincided with periods of NO2- accumulation  
and pH values that ranged from 4.2 to 5.3 (0.01 M CaCl2). In the present study, this did not 
occur until day 35 when the soil surface pH values approached ca. 5.0 and the initial pH 
treatments, with the exception of the pH treatment 4.4, all had initial bulk soil pH values 
higher than the surface pH at this time. At day 35, the NO2--N concentration was ca. 1 g g-1 
soil. Thus the conditions for HNO2-N formation were not as conducive as in the study of 
Venterea & Rolston (2000a) where NO2--N concentrations reached 0.4 to 10 g g-1 soil in the 
presence of low pH (< 5.0). 
 
4.5.3 NO-N and N2O-N fluxes until day 11 
It needs to be reiterated here that the measured NO-N flux was the combined result of NO-N 
production minus NO-N consumption and as such was the net flux.  As noted above (section 
4.3.8.1) the NO-N fluxes increased with net NH4+-N depletion rates, up to day 11, in a linear 
fashion (Fig. 4.17), suggesting that the rate of nitrification (i.e. NH3 oxidation) was the 
dominant process controlling the NO-N emissions. Previous reports have suggested that the 
magnitude of NO-N fluxes are a consequence of NO-N ‘leakage’ during N transformation via 
nitrification and denitrification mechanisms (e.g. Firestone & Davidson, 1989). However, 
when the net NO-N flux rate was expressed as a percentage of the net NH4+-N depletion rate, 
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the relationship between these variables was not linear, and varied exponentially with 
increasing pH (Fig. 4.18). 
For NH4+ to be oxidised, it must first be converted to NH3 (section 2.3). However, the 
specific mechanism by which NH3 oxidisers respond to changes in soil pH is an enigma 
(Kowalchuk & Stephen, 2001). But the increase in the NH3 oxidation rate following an 
increase in soil pH is perhaps a consequence of the reduced H+ ion concentration which would 
drive the equilibrium between NH3 and NH4+ in favour of NH3, making NH3 more readily 
available (Fig. 4.7). The relationship between the NO-N flux and the H+ ion concentration, 
based on initial soil pH (Fig. 4.19), when initial pH 4.4 was excluded, demonstrates that not 
only did liming enhance NH3 oxidation rates it had a direct influence on NO production.   
The NO2- molecule is the gateway for NO-N creation (Russow et al., 2009) but the 
concentration of NO2- varied little due to initial soil pH treatment. However, this N pool was 
turning over rapidly. Lower H+ concentrations would have decreased the potential for NO2- to 
form HNO2 and subsequent NO production via dissociation of the HNO2.  
Venterea & Rolston (2000a) found no evidence that gross rates of NH4+ oxidation per se 
had a major influence on NO production and their data did not support models which 
calculated NO production rates as a fraction of gross or net nitrification rates. However, 
Venterea & Rolston (2000a) reported that NO production rates of 2.6-5.2 ng N g-1 soil h-1 
during high nitrification phases equated to 0.3-2.3% of the gross ammonium oxidation rate. In 
the current study the fluxes were comparable over days 7-14 where maximum NO-N 
production rates were 0.7-2.1 ng g-1 soil h-1 but they ranged from 4.4-10% of the net 
ammonium oxidation rate. A first examination of the data in the current study (over initial soil 
pH 5.7 to 7.6) might conclude that NO-N fluxes were due to varying rates in N turnover but 
when the relatively constant NO2- pool and varying H+ ion concentrations are taken into 
account, as described above, then the data agree with the conclusions of Venterea & Rolston 
(2000a) that the net NO-N flux was not driven by N turnover but rather HNO2 spontaneously 
decomposing. 
Underhill & Prosser (1987) showed that Nitrosomonas, which oxidised NH3+ to NO2- 
and Nitrobacter, which oxidised NO2- to NO3- preferentially grew on cation and anion 
exchange regions, respectively. Thus as noted by Venterea & Rolston (2000a), prior to the 
consumption by oxidising or reducing processes there must be diffusion of nitrification 
derived NO2-  and this may provide an opportunity for abiotic HNO2 and NO production even 
when bulk NO2-  concentrations are relatively low when compared to the NH4+ or NO3- 
concentrations. 
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Unlike the NO-N fluxes, which were driven by increasing H+ ion concentration and 
HNO2 dissociation over days 7 to 11, the net N2O-N flux peaked at an initial soil pH of 5.9 
when the N2O-N flux rate equalled 3.1% of the NH4+-N depletion rate (Fig. 4.23). Previously, 
under similar experimental conditions, Clough et al. (2003a) found N2O production peaked 
over the range of pH 6.1-6.8 when synthetic urine was applied to soil cores. Over this period 
NO3-N concentrations were relatively low but N2O could still have been produced by one or a 
combination of nitrification, nitrifier denitrification or denitrification mechanisms, despite the 
relatively dry soils. Anaerobic microsites exist even in well aerated soils and denitrification 
has been demonstrated under such conditions (Müller et al., 1997). The fact that N2O 
production did not follow the same trends as the NO-N flux when expressed as a percentage 
of NH4+-N depletion may be due to disparities in source mechanisms. At the most acidic 
initial pH (4.4), NO3- substrate was limited for denitrification and as noted below this may 
have been because of competition for NO2- or a pH environment unsuitable for microbial N 
transformation. As soil pH increased so did N2O production as a percentage of NH4+-N 
depletion until pH 6.0 but it declined thereafter as the pH increased further. The ratio of N2O: 
N2 has been shown to decline with increasing soil pH (Clough et al., 2003a) and so the lower 
N2O fluxes as a percentage of NH4+-N depletion at higher pH may have occurred due to 
elevated soil pH. 
4.5.4 NO-N fluxes at initial pH 4.4 
The discussion of NO fluxes above (section 4.5.3) was restricted to days 1 to 11 and initial pH 
treatments 5.7 to 7.6 because the initial soil treatment of pH 4.4 had NO fluxes that were 
outliers when describing NO flux trends, despite the soil NH4+-N and NO2--N concentrations 
being comparable to the other initial soil pH treatments. What was different in this treatment 
was that less NO3--N accumulated at pH 4.4 and the NO-N flux rate was lower as a 
percentage of the NH4+-N depletion rate. Given that the initial soil pH treatment 4.4 was the 
only treatment prepared using a liquid acid, changes in the soil matrix may have resulted. 
However, the soil NO2--N concentrations and NH4+-N depletion rates were comparable at 
initial pH 4.4. Thus, it can be concluded that the soil preparation did not significantly alter the 
ammonia oxidiser community in the soil.  
The slower rate of NO3--N accumulation and lower NO-N fluxes indicate that another 
process or processes were competing to remove the NO2- pool formed following NH3 
oxidation at initial soil pH 4.4. At this pH, the H+ ion concentration would have been an order 
of magnitude higher than in the initial soil pH treatment of 5.7, and the presence of HNO2 is 
favoured when soil pH is < 5. However, the competing process(es) did not produce additional 
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NO and so any enhanced spontaneous decomposition to yield NO (Pauling, 1970) can be 
ruled out, as can any reactions of HNO2 with organic constituents which would have yielded 
both NO and N2O (Stevens & Laughlin, 1994), since this treatment produced relatively little 
N2O. Another possible mechanism for the removal of NO2- from soil solution, and one that is 
enhanced with increasing soil acidity, is NO2- fixation (Chalk & Smith, 1983). Furthermore, a 
gas not measured in this study was N2, and reactions between soil amino groups and HNO2 
(known as the Van Slyke reaction (Van Slyke, 1911) can potentially form N2 when the soil 
pH is < 5.0. Thus the lower than expected NO fluxes at pH 4.4 were probably due to other 
non-NO producing processes, competing for NO2- and thus reducing the NO2- available for 
HNO2 formation and its spontaneous decomposition. 
4.5.5 NO-N and N2O-N fluxes after day 11 
The initial soil pH had no effect on NO-N fluxes post day 11 to day 21, but this was a period 
of the highest N2O fluxes, where the N2O fluxes increased with increasing pH. Clough et al. 
(2004) also found N2O fluxes increased, albeit under saturated soil conditions, with increasing 
soil pH from 4.7 up to a pH of 6.6 with no further increases at pH 7.0.  
At this stage, nitrification was not complete as evidenced by the still elevated soil NH4+-N 
concentrations but soil NO3- -N concentrations had increased in all treatments to ca.100 g g-1 
of soil. While N2O is formed during NH3 oxidation via chemical decomposition of the 
intermediates between NH4+ and NO2- it can also form from the NO2- pool itself via nitrifier 
denitrification or denitrification (Wrage et al., 2001). The relative intensity of the increased 
N2O flux and the decline in the N2O-N: NO-N ratio after day 11 suggests that another 
mechanism, most probably denitrification, was responsible for the N2O fluxes. These N2O 
fluxes had a ‘boom and bust’ period of emission with the emissions having declined by day 
28. This would indicate that possibly heterotrophic denitrifers may have been responsible for 
the N2O flux pulse and that by day 28 they may have run out of carbon substrate. Since plants 
were not present to provide root exudates. 
 
Another indicator of enhanced denitrification was the lack of any NO-N flux during this 
time, which could indicate a lack of production, but it is more likely that there was total 
consumption of any NO-N produced. The NO molecule is an intermediate in the 
denitrification pathway and consumed by denitrifiers (section 2.3). 
 
Following day 21, the initial soil pH continued to play a significant role in defining the 
net NO-N fluxes but instead of NO-N fluxes continuing to increase with initial soil pH an 
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optimum pH was observed for net NO-N fluxes (pH 5.7 to 6.0) post day 21.  A previous study 
by Murray & Knowles, (2001) found a strong linear relationship between pH and NO 
consumption (r2 = 0.97) in anaerobic slurries in a sandy loam soil where first-order NO 
consumption rate constants at pH 8.0 were two-fold higher than at pH 6.0. Thus given that 
consumption of NO-N can vary with soil pH, the optimum pH observed for net NO-N fluxes 
(5.7 to 6.0) may have been the net result of varying NO-N production and consumption rates 
at given pH values. At the initial pH values of 6.9 to 7.6, ammonium depletion was almost 
complete by day 35 so there may have been reductions in the rate of NO-N production in 
addition to enhanced denitrification consumption of NO-N in the most elevated initial soil pH 
treatments. 
 
4.5.6 Cumulative NO-N and N2O-N fluxes 
The cumulative NO-N fluxes were of similar magnitude to those previously reported for urine 
patches (Maljanen et al., 2007). However, no previous urine studies have examined the effect 
of initial soil pH on these cumulative fluxes and the present study showed no consistent 
relationship between cumulative net NO-N fluxes and the initial soil pH due to the varying 
phases of NO-N flux production. Conversely, the initial soil pH did affect cumulative N2O-N 
emissions (Clough et al., 2003a). 
As a percentage of urine-N applied the cumulative N2O losses were relatively low (0.03 
to 0.1%). However, Van Groenigen et al. (2005a) also reported losses of only 0.3% from a dry 
soil following urine application to soil cores. A contributing factor to this was almost certainly 
the relatively low WFPS. Production of N2O is generally higher when WFPS values are > 
60% (Dobbie & Smith, 2001) since denitrification rates increase as the soil WFPS increases. 
However, denitrification can also occur in relatively aerobic soils. For example, Russow et al. 
(2009) showed that even under a high partial pressure of 20% O2 that 12% of the nitrite 
generated resulted from denitrification of nitrate. Denitrification under such conditions is 
considered a result of anaerobic microsites being present. The N2O-N losses (0.03 - 0.1%) in 
the present study were also similar to those of Watanabe et al. (1997) who reported 0.09 - 
0.10% of total N losses as N2O from applied cattle and swine excreta, respectively and with 
those of Oenema et al. (1997), who estimated that about 0.1 to 3.8% of urine-N is emitted to 
the atmosphere as N2O.  
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4.5.7 Regression analysis 
Regression analysis was inconclusive as a tool to predict NO-N or N2O-N fluxes. Prediction 
of NO-N flux at any given time was most successful on day 7 when NO-N fluxes were 
increasing towards their peak on day 11 and the soil NO2--N concentration was the best 
variable to predict the NO-N flux (r2 = 0.61) during this period of nitrification. 
On an initial soil pH basis the prediction of the NO-N fluxes became poorer as initial soil pH 
increased, while pooling all the data, only explained 27% of the variability in the data. 
The relatively poor predictions of net NO-N flux are confounded due to the simultaneous 
occurrences of production and consumption processes. Venterea & Rolston (2000a) have 
produced one of the best data sets to date for examining the mechanism and kinetics of NO-N 
production in soils. They used (NH4)2SO4 fertilizer as the N source. Thus, the confounding 
effects of urea hydrolysis and NH3 production did not occur as in the present study. 
Nevertheless, Venterea & Rolston (2000b) concluded that NO2- and HNO2 played a central 
role in controlling NO emissions but not the rate of nitrification. Results of our regression 
analysis from day 7, where we obtained strong NO-N fluxes agree with this. 
4.6 Conclusions 
 This study showed that initial soil pH does influence the dynamics of net NO-N and 
N2O-N flux rates from urine affected soil, when the WFPS is relatively low (34%). 
 Little difference was observed in cumulative NO-N emissions due to varying initial 
soil pH. However, cumulative N2O-N emissions increased as initial soil pH increased 
as a percentage of urine-N applied. 
 During what was hypothesised to be a period of relatively low denitrification as 
evident by low NO3- -N and low N2O-N fluxes, the net NO-N flux expressed as a 
percentage of the net NH4+-N depletion rate decreased exponentially with increasing 
initial soil pH. A linear relationship was demonstrated when the net NO-N flux, as a 
percentage of the net NH4+-N depletion rate, was plotted against the initial soil H+ 
concentration. Demonstrating that the H+ concentration was a key precursor of the 
NO-N flux and that the net NO-N flux was not only a function of nitrification but also 
an effect of soil abiotic reactions involving H+ and HNO2 concentrations. 
 At the later stage, as the rate of denitrification increased at high soil pH, as evident by 
increasing NO3- -N substrate availability and enhanced N2O-N fluxes, the net NO-N 
flux was influenced by both production and consumption mechanisms at higher soil 
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Future work could further examine the effect of varying soil pH on NOx fluxes under different 
soil types to gain a better understanding of the production processes. Future work could also 
examine the effect of varying soil pH on NOx fluxes and the relationship to net NH4+-N 
turnover.  
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    Chapter 5 
Effects of moisture and temperature on NOx and 
N2O gases emissions from bovine urine applied to 
soil cores. 
5.1   Rationale 
Nitric oxide (NO) and nitrous oxide (N2O) are predominantly produced in soils via biotic 
processes (e.g. nitrification and denitrification). Factors known to affect these processes 
include soil temperature and soil moisture (section 2.6).  
As noted above (section 2.6) ruminant urine contains a significant proportion of urea which is 
hydrolysed following urine deposition onto soil. Soil moisture and temperature both affect 
urea hydrolysis and urease activity,  the availability of oxygen in the soil, the diffusion of 
gases in the soil, and the availability of the dissolved substrates and the activity of soil 
microorganisms (Linn & Doran, 1984).  
The average five year soil temperature, (at 10 cm depth) at Lincoln University, New Zealand, 
ranges from a mean minimum of 10oC to a mean maximum of 14oC with an average of 12oC 
(Lincoln University Meteorological Station). With a temperature range of 1 to 30oC during 
winter and summer months recorded in recent years. There are relatively few studies available 
on the effects of soil moisture and temperature on N2O emissions from urine treated pasture 
soils, while there is a lack of information on the single or combined effects of these variables, 
under controlled conditions on NO fluxes from urine treated soils. Therefore the main 
objective of this study was to: 
 Determine the influence of soil moisture and temperature on NO and N2O emissions 
from soil treated with bovine urine. 
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5.2  Materials and Methods 
5.2.1 Treatments and Experimental Design 
An air-dried Templeton silt loam soil (Typic Immature Pallic, New Zealand Soil 
Classification) (Hewitt, 1998) was used (section 3.9). The experimental design was a 
randomized complete block. Treatments consisted of 4 moisture levels and 3 temperature 
levels replicated thrice. Five destructive soil sampling dates, (7, 14, 21, 28, and 35 days) were 
used after urine application. There were a total of 180 cores. The four moisture treatments 
were 11, 36, 61 and 87% of the water-filled pore space (WFPS) and temperature treatments 
were 5oC, 15oC and 22oC.  
Sieved soil (< 2 mm ; 160 g) was packed into (5 x 9 cm) polyvinyl chloride (PVC) cores to a 
depth of 7.5 cm and a bulk density of 1 g cm-3. Then the soils were wetted with deionised 
water via pipette, to a moisture content that still allowed for the subsequent addition of urine 
to bring the soil moisture contents to the experimental WFPS levels. The required soil 
moisture in the cores was determined on the basis of bulk density and porosity as described 
earlier (section 3.6.3).  
For specific temperatures to be maintained during the experiment, soil cores were kept in a 
fridge set at 5oC or in incubators kept at 15 and 22oC. 
Fresh cow urine was collected from the Lincoln University dairy farm. The N content of the 
urine was 8.3 g L-1. The N content was brought to 10 g L-1 by adding urea, and this was 
applied at a conservative rate of (500 kg N ha-1). This cow urine was carefully pipetted onto 
the soil surface, 10 mL per soil core.  
Once the experiment started, soil cores were weighed every 2nd or 3rd day and subsequently 
watered with deionised water via a hand held sprayer, in order to replace water lost through 
evaporation.  
5.2.2  Sampling protocols and data analysis   
Every 7 days 36 cores (3 temperature x 4 moisture x 3 replicates) were analyzed for inorganic 
N concentrations, surface soil pH and g (section 3.6). Nitric oxide and N2O gas samples were 
taken and the fluxes determined (section 3.4 and 3.5). Nitrous oxide was sampled on days 1, 
2, 3, 5, 10, 12, 17, 19, 23, 26, 30 and 33 while NO was sampled for on days 2, 3, 4, 5, 9, 10, 
12, 16, 18, 19, 22, 24, 28, 30, 31 and 32. All statistical analyses and calculations were 
performed using Minitab (V15) and a repeated measure ANOVA was performed to test for 
differences of means. In some situations data showed significant departures from normality 
 70
and in these instances the data were log transformed (log10 +1) prior to analyses. Pearson 
correlation and multiple linear regressions were performed. 
 
5.3  Results 
5.3.1  Soil NH4+-N concentrations 
Soil NH4+ -N concentrations decreased faster as soil temperatures increased (P < 0.01) (Fig. 
5.1) with the soil NH4+-N concentrations negatively correlated with the soil temperature (r = -
0.58; P < 0.01). This relationship between NH4+-N concentrations and soil temperature was 
repeated as NH4+-N concentrations decreased over time, following their peak at day 7, (Fig. 
5.1), (Tables, 5.4-5.8). At day 7 the maximum mean NH4+ -N concentrations were 648, 768, 
and 846 µg g-1 dry soil for the 5oC, 15oC and 22oC temperatures respectively. No significant 
relationship occurred between soil NH4+ -N concentration and WFPS (Fig. 5.2) at any 
sampling date or when data were pooled over time (Tables 5.3-5.7). 
There was a significant interaction (P < 0.01) between soil temperature and WFPS treatments 
when data were averaged over the entire 35 days (Fig. 5.3) and for each day of sampling. On 
day 7 the NH4+ -N concentrations were initially lower at 5oC and at low WFPS while the 
opposite occurred at 22oC (Fig. 5.4). By day 14, the soil NH4+ -N concentrations were lower 
in the 22oC treatment and decreased with increasing WFPS (Fig. 5.4), while at 5oC soil NH4+ -
N concentrations remained relatively constant. This interaction also occurred on days 21, 28 
and 35 (Fig. 5.4).  
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Figure 5.1 Soil NH4+-N concentrations versus time following urine application to soil at 3 
different temperatures (n = 12, error bars are ± the s.e.m.). 
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Figure 5.2 Soil NH4+-N concentrations versus time following urine application to soil at 4 
different water contents (n = 9, error bars are ± the s.e.m.). 
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Figure 5.3 Mesh plot showing the interaction of soil WFPS and temperature on soil NH4+-
N concentrations. Values are the means over the entire sample period.  
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Figure 5.4 Mesh plots of soil NH4+-N concentrations versus time and soil WFPS 
following urine application to soil at 3 different temperatures (a) 5oC, (b) 15oC, (c) 22oC.  
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5.3.2  Soil NO2- -N concentrations  
Soil NO2- -N concentrations were affected by the temperature treatment at all sampling dates 
(P < 0.01; Fig. 5.5) with maximum concentrations occurring in the 5o, 15o and 22oC 
treatments of 5.5, 5.5, and 9.0 µg NO2- -N g-1 dry soil on days 7, 21 and 14 respectively (Fig. 
5.5). The WFPS treatment affected NO2- -N concentrations (P < 0.01) on all days except day 
21, with maximum concentrations peaking later in the driest WFPS treatment (Fig. 5.6). 
Soil NO2- -N concentrations were affected by a WFPS and temperature interaction when data 
were pooled over 35 days (P < 0.01; Fig. 5.7). At 5oC, soil NO2- -N peaked at 87% WFPS on 
day 7 (9.5 µg g-1 dry soil) and then declined (Fig. 5.8a). While at 15oC soil NO2- -N peaked at 
day 21 between 36 and 61% WFPS (6.2-7.3 µg g-1 dry soil respectively) but at 11% WFPS 
the peak NO2- -N value occurred on day 28 (6.5 µg g-1 dry soil) (Fig. 5.8b). Meanwhile at 
22oC NO2- -N peaked earlier on day 14 (19.7 µg g-1 dry soil) at 87% WFPS before NO2- -N 
concentrations declined (Fig. 5.8c).  
On a daily basis, correlations between soil NO2- -N concentrations, temperature and WFPS 
were only observed on days 7 and 14 (Tables 5-1 – 5-2). When data were pooled over all days 
a correlation with WFPS occurred (r = 0.18, P < 0.05), while no such relationship was 
observed with temperature. When data from all sampling dates were pooled, soil NO2- -N 
concentrations were not correlated with any other measured variables. On day 14 NO2- -N 
concentrations correlated with soil NH4+-N concentrations (Table 5-2). 
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Figure 5.5 Soil NO2--N concentrations versus time following urine application to soil at 3 
different temperatures (n = 12, error bars are ± the s.e.m.). 
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Figure 5.6 Soil NO2--N concentrations over time following urine application to soil at 4 
different WFPS (n = 9, error bars are ± the s.e.m.). 
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Figure 5.7 Mesh plot showing the interaction between WFPS and temperature on soil 
NO2- -N concentrations. Values are treatment means over the entire experimental period. 
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Figure 5.8 Mesh plots of soil NO2--N concentrations versus time and soil WFPS following 
urine application to soil at 3 different temperatures (a) 5oC, (b) 15oC, (c) 22oC.  
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Table 5-1 Pearson correlation between measured soil variables and NO-N fluxes at day 7. 
 
 logNO-N Temperature Moisture NH4+-N NO3--N NO2--N Surface Soil pH HNO2 
Temperature 0.73    0.00        
Moisture -0.06 0.71 
0.00 
1.00       
NH4+-N 0.37 0.03 
0.51 
0.00 
0.12 
0.48      
NO3--N -0.25 0.14 
-0.27 
0.12 
-0.42 
0.01 
-0.11 
0.51     
NO2--N -0.66 0.00 
-0.59 
0.00 
0.38 
0.02 
-0.14 
0.41 
0.02 
0.91    
Surface Soil 
pH 
-0.01 
0.94 
-0.31    
0.07 
-0.09  
0.61 
-0.36  
0.03 
0.07   
0.69 
-0.01 
0.95   
HNO2 -0.47 0.00 
-0.30 
0.07 
0.33 
0.05 
0.14 
0.41 
0.03 
0.86 
0.69 
0.00 
-0.59 
0.00  
N2O-N 0.17 0.29 
0.21 
0.23 
0.46   
0.00 
0.14 
0.41 
-0.19  
0.28 
-0.19 
0.25 
0.05  
0.76 
0.477  
0.003 
 
 
Table 5-2 Pearson correlation between measured soil variables and NO-N fluxes at day 
14. 
 logNO-N Temperature Moisture NH4+-N NO3--N NO2--N Surface Soil pH HNO2 
Temperature      0.38      0.02        
Moisture 0.04 0.84 
0.00 
1.00       
NH4+-N -0.27 0.12 
-0.87 
0.00 
0.04 
0.83      
NO3--N 0.15 0.39 
0.70 
0.00 
0.46 
0.00 
-0.77 
0.00     
NO2--N 0.12 0.49 
0.47 
0.00 
0.45 
0.01 
-0.35 
0.04 
0.68 
0.00    
Surface Soil 
pH 
-0.34 
0.04 
-0.60 
0.00 
-0.32 
0.06 
0.59 
0.00 
-0.72 
0.00 
-0.46 
0.00   
HNO2 0.13 0.47 
0.43 
0.01 
0.21 
0.17 
-0.44 
0.01 
0.65 
0.00 
0.58 
0.00 
-0.78 
0.00  
N2O-N 0.15 0.39 
-0.19 
0.27 
0.43 
0.01 
0.29 
0.08  
0.01 
0.94  
0.24 
0.16 
-0.16 
0.37 
0.41 
0.01 
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Table 5-3 Pearson correlation between measured soil variables and NO-N fluxes at day 
21. 
 
 logNO-N Temperature Moisture NH4
+-N NO3-
 
-N NO2--N Surface Soil pH HNO2 
Temperature     0.86     0.00        
Moisture    -0.25  0.15  
0.00 
1.00       
NH4+-N -0.73 0.00  
-0.82 
0.00 
-0.02 
0.89      
NO3--N 0.60 0.00  
0.76 
0.00 
0.37 
0.02 
-0.83 
0.00     
NO2--N -0.01 0.96  
-0.02 
0.91 
-0.01 
0.97 
0.18 
0.29 
-0.35 
0.03    
Surface 
Soil pH 
-0.61 
0.00  
-0.79 
0.00 
-0.23 
0.18 
0.83 
0.00 
-0.88 
0.00 
0.33 
0.05   
HNO2 0.40 0.02  
0.65 
0.00 
0.29 
0.08 
-0.74 
0.00 
0.71 
0.00 
-0.06 
0.75 
-0.84 
0.00  
N2O-N -0.26 0.13  
-0.09 
0.56 
0.60 
0.00 
0.18 
0.29 
0.05 
0.76 
0.08 
0.66 
0.03 
0.85 
0.62 
0.00 
 
Table 5-4 Pearson correlation between measured soil variables and NO-N fluxes at day 
28. 
 
 logNO-N Temperature Moisture NH4
+-N NO3--N NO2--N Surface Soil pH HNO2 
Temperature     0.86     0.00        
Moisture -0.33 0.05   
0.00 
1.00       
NH4+-N -0.77 0.00   
-0.92 
0.00 
-0.13 
0.46      
NO3--N 0.53 0.00   
0.76 
0.00 
0.47 
0.00 
-0.87 
0.00     
NO2--N -0.14 0.43   
-0.22 
0.19 
-0.22 
0.19 
0.29 
0.09 
-0.35 
0.04    
Surface 
Soil pH 
-0.66 
0.00   
-0.82 
0.00 
-0.31 
0.07 
0.91 
0.00 
-0.88 
0.00 
0.34 
0.04   
HNO2 0.41 0.01   
0.64 
0.00 
0.38 
0.02 
-0.78 
0.00 
0.85 
0.00 
-0.18 
0.29 
-0.87 
0.00  
N2O-N 0.01 0.97   
0.32 
0.06 
0.53 
0.00 
-0.38 
0.02 
0.57 
0.00 
-0.07 
0.68 
-0.43 
0.01 
0.35 
0.04 
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Table 5-5 Pearson correlation between measured soil variables and NO-N fluxes at day 
35. 
 
 logNO-N Temperature Moisture NH4
+-N NO3--N NO2--N Surface Soil pH HNO2 
Temperature     0.85     0.00        
Moisture -0.29 0.09      
0.00 
1.00       
NH4+-N -0.78 0.00      
-0.91 
0.00 
-0.09 
0.58      
NO3--N 0.58 0.00      
0.83 
0.00 
0.42 
0.01 
-0.87 
0.00     
NO2--N -0.09 0.62      
-0.19 
0.26 
-0.24 
0.16 
0.19 
0.25 
-0.31 
0.07    
Surface 
Soil pH 
-0.58 
0.00      
-0.84 
0.00 
-0.37 
0.03 
0.88 
0.00 
-0.95 
0.00 
0.38 
0.02   
HNO2 0.30 0.07      
0.57 
0.00 
0.42 
0.00 
0.14 
0.41 
-0.59 
0.00   
0.75 
0.00 
-0.07 
0.68 
-0.73 
 0.00 
N2O-N 0.06 0.74      
0.29 
0.09 
0.62 
0.00 
-0.31 
0.07 
0.53 
0.00 
-0.02 
0.89 
-0.45 
0.01 
0.44 
0.08 
 
Table 5-6 Pearson correlation between measured soil variables and NO-N fluxes for data 
sets pooled over the experimental period. 
 
 logNO-N Temperature Moisture NH4
+-N NO3--N NO2--N Surface Soil pH HNO2 
Temperature     0.65     0.00        
Moisture -0.16 0.04  
-0.01 
0.89       
NH4+-N -0.64 0.00  
-0.58 
0.00 
-0.03 
0.69      
NO3--N 0.56 0.00  
0.62 
0.00 
0.32 
0.00 
-0.84 
0.00     
NO2--N -0.13 0.09  
0.02 
0.83 
0.18 
0.02 
0.05 
0.44 
-0.01 
0.95    
Surface 
Soil pH 
-0.58 
0.00  
-0.55 
0.00 
-0.20 
0.01 
0.81 
0.00 
-0.85 
0.00 
0.19 
0.01   
HNO2 0.53 0.00  
0.57 
0.00 
0.42 
0.00 
0.14 
0.41 
-0.59 
0.00 
0.75 
0.00 
-0.07 
0.68 
-0.73 
0.00 
N2O-N -0.03 0.73  
0.06 
0.48 
0.38 
0.00 
0.14 
0.06 
-0.01 
0.91 
0.08 
0.24 
0.03 
0.69 
 0.36 
0.00 
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5.3.3  Soil NO3- -N concentrations 
As time progressed, NO3--N concentrations increased faster at higher temperatures (P < 0.01) 
(Fig. 5.9) and with increasing WFPS (P < 0.01) (Fig. 5.10).  
There was an interaction (P < 0.01) between temperature and WFPS (Fig. 5.11). At 5oC the 
increase in NO3--N concentration was slow regardless of soil WFPS with concentrations < 63 
µg g-1 dry soil (Fig. 5.12a). When the temperature was increased to 15oC there was three 
times as much NO3- -N present after 35 days at 87% WFPS (322 µg g-1 dry soil ) compared 
with the 11% WFPS (94 µg g-1 dry soil), (Fig. 5.12b). While at 22oC NO3--N concentrations 
were already 401 µg g-1 dry soil by day 14 at 87% WFPS but only 45.4 µg g-1 dry soil at 11% 
WFPS (Fig. 5.12c).  
Soil NO3--N concentrations were strongly correlated with soil temperature and WFPS 
treatments on all days except at day 7 when no such relationship was observed with soil 
temperature treatment (Tables 5-1 – 5-5). When pooled over all sampling dates soil NO3--N 
concentrations were significantly and negatively correlated with soil NH4+-N concentrations  
(r = -0.84, P < 0.01) but no relationship was observed with soil NO2--N concentrations. On 
individual sampling days soil NO3--N concentrations were significantly correlated with soil 
NH4+-N concentrations and soil NO2--N concentrations on days 14, 21, 28 and 35 (Tables 5-2 
– 5-5). 
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Figure 5.9  Soil NO3--N concentrations versus time following urine application to soil at 
3 different temperatures (n = 12, error bars are ± the s.e.m.). 
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Figure 5.10 Soil NO3--N concentrations versus time following urine application to soil at 4 
different WFPS (n = 9, error bars are ± the s.e.m.). 
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Figure 5.11 Mesh plot showing the interaction between soil WFPS and temperature on soil 
NO3- -N concentrations. 
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Figure 5.12  Mesh plots of soil NO3--N concentrations versus time and soil WFPS after 
urine application to soil at 3 different temperatures (a) 5oC, (b) 15oC, (c) 22oC. 
 
 84
5.3.4 Net NH4+-N depletion and NO3- -N accumulation rates 
The net NH4+-N depletion rate and net NO3--N accumulation rates over 35 days were 
calculated (section 4.4.3) for both temperature and WFPS treatments (Table, 5-7). Net NH4+-
N depletion rates related linearly to soil temperature (Fig. 5.13). 
The relationship between net NH4+-N depletion rates and WFPS was best described by a 
quadratic relationship (Fig. 5.14).  
 Net rates of NO3--N accumulation were also correlated to both soil temperature and WFPS 
treatments and significant linear regressions and quadratic relationship were observed 
between these parameters respectively (Fig. 5.13 & 5.14).  
 
 
 
 
Table 5-7 Net NH4+-N depletion and net NO3- -N accumulation rates in urine affected soil 
as influenced by soil temperature (n = 60) and WFPS (n =45) treatments. 
 (1)Accumulation and depletion rates obtained by linear regression of NH4+-N concentrations 
versus time. 
Treatments 
Depletion of NH4+-N(1) 
            (ng g-1 soil h-1) 
Accumulation of NO3--N(1) 
            (ng g-1 soil h-1) 
Temperature 
                       5oC                26   (0.01)(2)   26    (0.56) 
15oC               636  (0.96)   57    (0.82) 
22oC               979  (0.75)   96    (0.86) 
Moisture 
                      11%               367  (0.87) 107   (0.92) 
36%               575  (0.83) 253   (0.89) 
61%               587  (0.87) 319   (0.83) 
87%               590  (0.94) 375   (0.79) 
 (2) Values in parentheses are regression coefficients (r2 values). 
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Figure 5.13 Net NH4+-N depletion and net NO3- -N accumulation (ng g-1 soil h-1) in urine 
affected soil as influenced by soil temperature treatments (n = 12, error bars are ± the s.e.m.). 
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Figure 5.14 Net NH4+-N depletion and net NO3- -N accumulation (ng g-1 soil h-1) in urine 
affected soil as influenced by soil WFPS treatments (n = 9, error bars are ± the s.e.m.). 
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5.3.5  Soil NH4+ -N: NO3- -N ratio 
The soil NH4+-N: NO3- -N ratio was significantly affected by both temperature and WFPS on 
all days (P < 0.01) (Fig. 5.15 & 5.16). Higher ratios occurred, at lower temperatures on and 
after day 14, while a lower ratio occurred on day 7 at 11% WFPS (Fig. 5.15 & 5.16), 
respectively. The interaction between WFPS and temperature on days 14 to 35 showed that 
the NH4+-N: NO3- -N ratios were higher at lower temperature and at the extreme WFPS 
treatments (Fig. 5.17).  
Correlations between the NH4+-N: NO3--N ratio and soil temperature were significant on all 
days except day 7 (Table 5-8). Significant correlations between the NH4+-N: NO3--N ratio and 
WFPS were observed on days 7 and 14. When data were pooled no correlation was observed 
between these variables.  
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Figure 5.15 Soil NH4+ -N : NO3- -N ratio versus time at 3 different temperatures (n = 12, 
error bars are ± the s.e.m.). 
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Figure 5.16 Soil NH4+ -N : NO3- -N ratio versus time at 4 different WFPS (n = 9, error bars 
are ± the s.e.m.). 
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Figure 5.17 Mesh plot of soil WFPS and temperature versus the soil NH4+ -N : NO3- -N 
ratio following urine application. 
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Table 5-8 Pearson correlation between NH4+-N:NO3- -N ratio with soil temperature and 
WFPS on each sampling date.  
Days NH4+-N: NO3--N Temperature Moisture 
7       0.08  (0.63)(1)    0.39 (0.02) 
14 -0.76 (0.00)   -0.42 (0.01) 
21  -0.82  (0.00)  -0.27 (0.11) 
28  -0.72  (0.00)  -0.08 (0.66) 
35  -0.74  (0.01)   -0.04  (0.82) 
Pooled data  -0.13  (0.08)    0.08  (0.32) 
(1) Values in parentheses denoted P values. 
 
 
 
5.3.6 Soil surface pH 
Soil pH increased significantly after urine application with soil temperature affecting the rate 
of soil pH decrease over time (P < 0.01), with a faster decline in soil pH at 22oC than at lower 
temperatures (Fig. 5.18). Soil pH decreased linearly with time at all temperatures (r2 = 0.96-
0.99). 
Soil WFPS treatment also significantly affected the soil pH (P < 0.01) with the decrease in 
soil pH over time slower at 11% WFPS compared with higher levels of WFPS (Fig. 5.19). No 
significant interaction between temperature and WFPS treatments on soil pH was observed. 
Soil surface pH correlated negatively with soil temperature on all days except at day 7. Soil 
surface pH also correlated with WFPS on days 14 and 35 (Tables 5-2 & 5-5).  
Soil surface pH was also significantly correlated with soil NH4+-N on all days (Tables  5-1 to 
5-5) while NO2--N and NO3--N were significantly correlated with soil surface pH on all days 
except for day 7 (Tables 5-2– 5-5).  
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Figure 5.18 Surface soil pH over time after urine application to soil at 3 different 
temperatures (n = 12, error bars are ± the s.e.m.). 
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Figure 5.19 Surface soil pH over time after urine application to soil at 4 different WFPS (n 
= 9, error bars are ± the s.e.m.). 
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5.3.7  Theoretical HNO2 concentrations 
The theoretical soil HNO2 concentrations, peaked in the 5, 15 and 22oC treatment at 1.3, 4, 
and 37 ng g-1 dry soil on days 7, 35, and 35 respectively (Fig. 5.20). No significant differences 
were observed between 5 and 15oC, but they were significantly lower than in the 22oC 
temperature treatment. Similarly, HNO2 concentrations were higher at ≥ 61% WFPS (Fig. 
5.21). The HNO2 concentrations at 11%, 36%, 61% and 87% WFPS ranged from (0.2-1.8), 
(0.32-6.4), (0.52-16.14), (1.5- 30.7) with no significant differences.  
No significant interaction occurred between temperature and WFPS treatments on HNO2 
concentrations. 
When data were pooled over all sampling occasions, the HNO2 concentrations were positively 
correlated with the soil temperature, WFPS and NO2--N concentrations with r values of 0.57, 
P < 0.01; 0.42, P < 0.01 and 0.75, P < 0.01 respectively. A negative correlation occurred with 
respect to NO3--N concentrations (r = -0.57, P < 0.01), (Table, 5.8). 
 For individual sampling days, the theoretical HNO2 concentrations correlated with 
temperature, NH4+-N and NO3- -N on all days except day 7 while correlations with NO2--N 
occurred on days 7 and 14. On days 7, 28, and 35 HNO2 concentrations correlated with WFPS 
(Tables 5-1 – 5-5). 
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Figure 5.20 Soil HNO2 concentration versus time following urine application to soil at 3 
different temperatures (n = 12, error bars are ± the s.e.m.). 
  
 91
 
 
 
 
 
 
 
 
  
Days
5 10 15 20 25 30 35 40
H
N
O
2 
(n
g 
g-
1  
dr
y 
so
il)
0
10
20
30
40
50
60
11% WFPS
36% WFPS
61% WFPS
87% WFPS
 
Figure 5.21 Soil HNO2 concentration versus time following urine application to soil at 4 
levels of WFPS (n = 9, error bars are ± the s.e.m.)  
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5.3.8  NOx fluxes 
The NO-N fluxes increased with temperature on all days (P < 0.01) except on day 3 when 
NO-N fluxes were higher (P < 0.01) at 5oC (Fig. 5.22). At 5oC, 15oC and 22oC the NO-N 
fluxes ranged from 0.3-13.3, 0.7-18, and 0.6-98 µg NO-N m-2 h-1 respectively. On 15 out of 
the 16 NO-N flux sampling events there was a highly significant effect of WFPS on NO-N 
emission (P < 0.01) with lower fluxes at 87% WFPS (Fig. 5.23).  The average NO-N 
emissions over the 36 day period for the 11, 36, 61 and 87% WFPS treatments were 17, 20, 
12 and 6 µg NO-N m-2 h-1 respectively with no statistically significant differences. 
There was a significant interaction between temperature and WFPS treatments on 11 of 
the 16 sampling occasions. At 22oC NO-N fluxes were higher than in either the 5oC or 15oC 
treatment and they were higher at the lowest levels of WFPS (11 and 36%) and declined 
progressively as WFPS increased to 61 and 87% (Fig. 5.24 & 5.25). A similar trend occurred 
at 15oC but fluxes were an order of magnitude lower at 11 and 36% WFPS and they did not 
decline as rapidly (Fig. 5.24). While at 5oC the NO-N fluxes were again an order of 
magnitude below those at 22oC, and mean fluxes over 36 days showed no difference due to 
WFPS (Fig. 5.24).  
When pooled over time soil NO-N fluxes were correlated with NH4+-N (r = -0.63, P < 
0.01) NO3- -N (r =0.55, P < 0.01), HNO2 (r = 0.53, P < 0.01), soil surface pH (r = -0.58, P < 
0.01), soil temperature (r = 0.65, P < 0.01) and soil moisture (r = -0.16, P < 0.05) (Table, 5.9). 
For individual sampling days the NO-N fluxes correlated with NH4+-N on all days except day 
14. Correlation with NO3- -N occurred on days 21, 28 and 35. The NO-N fluxes only 
correlated with soil NO2- -N and HNO2 concentrations on days 7 and 21 respectively (Table 
5-1 & 5-3). A significant negative correlation occurred between the NO-N flux and soil 
surface pH on all days except day 7 (Tables 5-1 – 5-5).   
The cumulative NO-N fluxes were significantly affected by both temperature and WFPS 
treatments (P < 0.01). The cumulative NO-N fluxes as a percentage of urine-N applied ranged 
from 0.004 to 0.07% with maximum NO-N fluxes (0.07%) observed at 22oC and 36% WFPS 
(Fig. 5.26).  
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Figure 5.22 Soil NO-N flux versus time following urine application to soil at 3 different 
temperatures (n = 12, error bars are ± the s.e.m.).Values are means over WFPS. 
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Figure 5.23 Soil NO-N flux versus time following urine application to soil at levels of 
WFPS (n = 9, error bars are ± the s.e.m.). Values are means over soil temperature. 
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Figure 5.24 Mesh plots of soil NO-N  flux versus time and soil WFPS following urine 
application to soil at 3 different temperatures (a) 5oC, (b) 15oC, (c) 22oC.  
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Figure 5.25 Mesh plot showing the interaction of soil WFPS and temperature verses soil 
NO-N fluxes. Values are the means over the 35 day sample period. 
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Figure 5.26 Cumulative NO-N fluxes, as a percentage of urine-N applied after 35 days, 
versus soil WFPS at 3 different temperature treatments (n = 3, error bars are ± s.e.m.). 
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5.3.8.1 Relationship between soil temperature and NO-N fluxes 
The temperature coefficient (Q10), represents the factor by which the rate (R) of a 
reaction increases for every 10 degree rise in the temperature (T). When the data were pooled 
over all sampling days the Q10 (5-15oC) values were significantly affected by the WFPS 
treatment (P < 0.05) (Fig. 5.27). On 8 of the 16 sampling occasions there was a significant 
WFPS treatment effect on Q10 (5-15oC) values. On each individual day the differences among 
the WFPS treatments with respect to Q10 (5-15oC) values were not consistent. However 
maximum Q10 (5-15oC) values (16.5) were observed at 36% WFPS.   
When data were pooled, WFPS treatment had no significant effect on Q10 (15-22oC) 
values. However, on day 2 and 9 significantly higher Q10 (15-22oC) values were observed at 
36% WFPS compared to other WFPS treatments. Later on maximum Q10 (15-22oC) values 
were recorded at 87% WFPS (Fig. 5.28). 
When the Q10 values were averaged over time for each level of WFPS there was a 
significant exponential decline in the Q10 (5-15oC) values, as WFPS increased (Fig. 5.29). 
The values for Q10 (15-22oC) did not correspond in the same manner and no clear relationship 
was observed. However, at 11, 36 and 61% WFPS the Q10 (15-22oC) values were of a similar 
magnitude to those of Q10 (5-15oC) (Fig. 5.30). 
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Figure 5.27 Q10(5-15oC) values for NO-N at different WFPS during experiment (n = 9, 
error bars are ± the s.e.m.). 
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Figure 5.28 Q10(15-22oC) values for NO-N at different WFPS during experiment (n = 9, 
error bars are ± the s.e.m.). 
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Figure 5.29 Q10(5-15oC) values for NO-N at different WFPS treatments (n = 16, error bars 
are ± the s.e.m.). 
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Figure 5.30 Q10(15-22oC) values for NO-N at different WFPS treatments (n = 16, error bars 
are ± the s.e.m.). 
 
5.3.8.2 Net NH4+-N depletion and NOx fluxes 
Since NO-N production has been reported to vary with N turnover and the net NO-N flux 
rates were again compared with net NH4+-N depletion rates. The mean net NH4+-N depletion 
rates were calculated between days 7-14, 14-21, 21-28, 28-35 while mean NO-N flux rates 
were determined over the periods 9-16, 16- 22, 22-28, 28-32 days. As time progressed the 
mean NO-N flux rate as a percentage of the mean net NH4+-N depletion rate increased over 
time at 22oC (Table, 5-9) but remained relatively constant at 5oC and 15oC.  
In the 7-14 day period, the NO-N flux rate as a percentage of the net NH4+-N depletion rates 
decreased with increasing WFPS. As time progressed more variation, in terms of NO-N flux 
rate as a percentage of the NH4+-N depletion rate was observed between the WFPS 
treatments. Maximum NO-N fluxes as a percentage of NH4+-N depletion rates were observed 
at 36-61% WFPS (Table 5-9).  
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Table 5-9 Mean NO-N flux as a percentage of the mean net NH4+-N depletion rate at 
different soil temperatures and WFPS during time periods indicated in paranthesis. 
 (1) days 
Treatments                                NO-N as a % of  net NH4+-N depletion rate 
                                                      (7-14)(1)                    (14-21)(1)                   (21-28)(1)                ( 28-35)(1) 
Temperature 
5oC 0.25 0.39      -0.27   0.43 
15oC 0.59 0.49        0.66    0.55 
22oC 0.42 3.79        5.05  10.33 
Moisture 
11% 1.21 0.91   -21.1      2.13 
36% 0.51 7.73        6.31       2.29 
61% 0.64 0.69   368.68       2.60 
87% 0.23 0.83             0.95       0.71 
 
 
As noted above at 22oC temperature treatment, the mean NO-N flux rate (µg NO-N g-1 soil 
 h-1) as a percentage of the mean net NH4+-N depletion rate (µg NH4+-N g-1 soil h-1), increased 
over time (Table 5-9). When this percentage was plotted against the mean surface soil pH, 
which also decreased over time (section 5.3.6) the percentage declined exponentially (r2 = 
0.87) with increasing surface soil pH (Fig. 5.31). 
Similarly, when the mean NO-N flux rate, expressed as a percentage of the mean net NH4+-N 
depletion rate (µg NH4+-N g-1 soil h-1) was plotted against the mean soil H+ ion concentration, 
a linear relationship was observed (Fig. 5.31). 
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Figure 5.31 NO-N flux rate as a percentage of NH4+-N depletion rate versus surface soil pH 
and soil [H+] at 22oC across all WFPS treatments. Symbols,    ,    indicate surface soil pH and 
soil [H+] respectively.  
 
 
5.3.9  N2O fluxes 
The N2O fluxes were affected by temperature and WFPS (P < 0.01). The maximum N2O-
N fluxes (6367 µg N2O-N m-2h-1) occurred under the highest temperature (22oC) and WFPS 
(87%) conditions on day 2 (Fig. 5.32 & 5.33). Generally the highest N2O-N fluxes occurred at 
the highest WFPS (87%), while the lowest emissions occurred at < 61% WFPS (Fig. 5.32). 
The average N2O-N emissions over the 35 day period for the 11, 36, 61 and 87% WFPS 
treatments were 100 (9), 106 (10), 219 (47) and 2660 (1260) µg N2O-N m-2 h-1. Where, 
numbers in brackets are the standard error of the mean. 
The temperature effect on the N2O-N fluxes was only significant on 6 of the 15 N2O flux 
sampling events. At the highest temperature 22oC, N2O-N fluxes commenced immediately 
after urine application, while at low temperature (5oC) N2O-N fluxes took 12 days to reach 
their maximum level (Fig. 5.32). At 5, 15 and 22oC the mean N2O-N fluxes, over the whole 
experimental period were 448, 579 and 1287 µg N2O-N m-2 h-1 respectively. 
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These treatment effects led to a significant treatment interaction (P < 0.01) on N2O-N fluxes 
for 7 of the 14 sampling events. Higher N2O-N fluxes occurred at 22oC and they declined 
progressively as WFPS decreased (Fig. 5.34 & 5.35).  
When pooled over time soil N2O-N fluxes were correlated with soil NO3- -N, NO2- -N, HNO2 
concentrations, soil surface pH and soil moisture treatment (Table 5-15).  For each individual 
sampling day soil N2O-N flux correlated with NO3- -N and soil surface pH on days 28 and 35 
while a correlation with NO2- -N was observed only on day 14. Significant correlations with 
HNO2 concentrations occurred on all days except day 21. On any individual day N2O-N 
fluxes were significantly correlated with the moisture treatment (Table 5-10 – 5-14).  
The cumulative N2O-N fluxes as a percentage of urine-N applied were significantly affected 
by WFPS (P < 0.01) but not by temperature treatment and reached a maximum of 5.5% at 
87% WFPS and 22oC (Fig. 5.36). 
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Figure 5.32 Soil N2O-N flux versus time following urine application to soil at 3 different 
temperatures (n = 12, error bars are ± the s.e.m.). 
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Figure 5.33 Soil N2O-N flux versus time following urine application to soil at four levels of 
WFPS (n = 9, error bars are ± the s.e.m.). 
 103
05000
10000
15000
20000
25000
20
30
40
50
60
70
80
5
10
15
20
25
30
 g
 N
2O
-N
 m
-2
 h
-1
W
FP
S (
%)
Days
(a) 5oC
 
W
FP
S (
%
)
 g
 N
2O
-N
 m
-2
 h
-1
0
5000
10000
15000
20000
25000
20
30
40
50
60
70
80
5
10
15
20
25
30
Days
(b) 15oC
 
W
FP
S (
%
)
 g
 N
2O
-N
 m
-2
 h
-1
0
5000
10000
15000
20000
25000
20
30
40
50
60
70
80
5
10
15
20
25
30
Days
(c) 22oC
 
 
Figure 5.34 Mesh plots of soil N2O-N flux versus time and soil WFPS after urine 
application to soil at 3 different temperatures (a) 5oC, (b) 15oC, (c) 22oC.  
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Figure 5.35 Mesh plot showing the interaction of soil WFPS and temperature on soil N2O-
N flux following urine application. Values are the means over the entire sample period. 
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Figure 5.36 Cumulative N2O-N flux as a percentage of urine-N applied versus soil WFPS 
at 3 different temperature treatments from soil cores after 35 days (n = 12, error bars are ± 
s.e.m.). 
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N2O-N tables: 
 
Table 5-10 Pearson correlation between measured soil variables and N2O-N fluxes at day7. 
 
 logN2O-N Temperature Moisture NO-N NH4
+-N NO3--N NO2--N Surface Soil pH 
Temperature     0.10     0.56        
Moisture 0.71 0.00    
0.00 
1.00       
NO-N 0.08 0.64    
0.69 
0.00 
 -0.04 
  0.79      
NH4+-N 0.06 0.70    
0.51 
0.00 
0.12 
0.49 
 0.39 
 0.02     
NO3--N -0.22 0.20    
-0.27 
0.12 
-0.42 
0.01 
-0.28 
 0.09 
-0.11 
0.51    
NO2--N -0.02 0.92    
-0.59 
0.00 
0.38 
0.02 
-0.63 
 0.00 
-0.14 
0.41 
0.02 
0.91   
Surface Soil 
pH 
0.03 
0.85    
-0.31 
0.07 
-0.09 
0.61 
-0.06 
 0.74 
-0.36 
0.03 
0.07 
0.69 
-0.01 
0.95  
HNO2 0.72 0.00    
-0.30 
0.07 
0.33 
0.05 
-0.40 
 0.02 
0.14 
0.41 
0.03 
0.86 
0.69 
0.00 
-0.59 
0.00 
 
 
Table 5-11 Pearson correlation between measured soil variables and N2O-N fluxes at day 
14. 
 
 logN2O-N Temperature Moisture NO-N NH4
+-N NO3--N NO2--N Surface Soil pH 
Temperature    -0.07     0.69        
Moisture 0.78 0.00    
0.00 
1.00       
NO-N -0.02 0.93    
0.36 
0.03 
 -0.10 
  0.55      
NH4+-N 0.17 0.31    
-0.87 
0.00 
0.04 
0.83 
-0.32 
 0.06     
NO3--N 0.32  0.06    
0.70 
0.00 
0.46 
0.00 
 0.17 
 0.31 
-0.77 
0.00    
NO2--N 0.51 0.00    
0.47 
0.00 
0.45 
0.01 
 0.08 
 0.63 
-0.35 
0.04 
0.68 
0.00   
Surface Soil 
pH 
-0.27 
0.11    
-0.60 
0.00 
-0.32 
0.06 
-0.32 
 0.06 
0.59 
0.00 
-0.72 
0.00 
-0.48 
0.00  
HNO2 0.77 0.00    
0.43 
0.01 
0.24 
0.17 
 0.08 
 0.65 
-0.44 
0.01 
0.65 
0.00 
0.58 
0.00 
-0.78 
0.00 
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Table 5-12 Pearson correlation between measured soil variables and N2O-N fluxes at day 
21. 
 
 
logN2O-
N Temperature Moisture NO-N NH4
+-N NO3--N NO2--N Surface Soil pH 
Temperature 0.12   0.48        
Moisture 0.71 0.00 
0.00 
1.00       
NO-N -0.18 0.30 
0.63 
0.00 
 -0.19 
 0.25      
NH4+-N -0.02 0.92 
-0.82 
0.00 
  -0.02 
   0.89 
-0.56 
0.00     
NO3--N 0.22 0.19 
0.76 
0.00 
   0.38 
   0.02 
0.48 
0.00 
-0.83 
0.00    
NO2--N 0.27 0.12 
-0.02 
0.91 
  -0.01 
   0.98 
-0.21 
0.22 
0.18 
0.29 
-0.36 
0.03   
Surface 
Soil pH 
-0.11 
0.51 
-0.79 
0.00 
  -0.23 
   0.18 
-0.47 
0.00 
0.83 
0.00 
-0.88 
0.00 
0.33 
0.05  
HNO2 0.22 0.19 
0.65 
0.00 
   0.29 
   0.08 
0.13 
0.47 
-0.74 
0.00 
0.71 
0.00 
-0.06 
0.75 
-0.84 
0.00 
 
Table 5-13 Pearson correlation between measured soil variables and N2O-N fluxes at day 
28. 
 
 logN2O-N Temperature Moisture NO-N NH4
+-N NO3-
 
-N NO2--N Surface Soil pH 
Temperature  0.28 0.10        
Moisture  0.61  0.00 
0.00 
1.00       
NO-N -0.09  0.59 
0.71 
0.00 
-0.28 
 0.09      
NH4+-N -0.33  0.05 
-0.92 
0.00 
-0.13 
 0.46 
-0.61 
0.00     
NO3--N  0.49  0.00 
0.76 
0.00 
 0.47 
 0.00 
0.39 
0.02 
-0.87 
0.00    
NO2--N -0.05  0.75 
-0.22 
0.19 
-0.22 
 0.19 
-0.20 
0.24 
0.29 
0.09 
-0.35 
0.04   
Surface 
Soil pH 
-0.39 
 0.02 
-0.82 
0.00 
-0.31 
 0.07 
-0.59 
0.00 
0.91 
0.00 
-0.88 
0.00 
0.34 
0.04  
HNO2  0.48  0.00 
0.64 
0.00 
 0.38 
 0.02 
0.33 
0.05 
-0.76 
0.00 
0.85 
0.00 
-0.18 
0.29 
-0.87 
0.00 
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Table 5-14 Pearson correlation between measured soil variables and N2O-N fluxes at day 
35. 
 
 
 
 
logN2O-N Temperature Moisture NO-N NH4+-N NO3-
 
-N NO2--N Surface Soil pH 
Temperature 0.25   0.14        
Moisture  0.74  0.00   
0.00 
1.00       
NO-N -0.07   0.70   
0.67 
0.00 
-0.28 
0.09      
NH4+-N -0.30  0.07   
-0.91 
0.00 
-0.09 
0.58 
-0.55 
0.00     
NO3--N 0.52 0.00    
0.83 
0.00 
0.42 
0.011 
0.43 
0.01 
-0.87 
0.00    
NO2--N -0.01  0.96    
-0.19 
0.26 
-0.24 
0.16 
-0.18 
0.29 
0.19 
0.25 
-0.31 
0.07   
Surface 
Soil pH 
-0.41 
 0.01   
-0.84 
0.00 
-0.37 
0.03 
-0.43 
0.01  
0.88 
0.00 
-0.95 
0.00 
0.38 
0.02  
HNO2 0.53 0.00    
0.57 
0.00 
0.42 
0.00 
0.14 
0.41 
-0.59 
0.00 
0.75 
0.00 
-0.07 
0.68 
-0.73 
0.00  
Table 5-15 Pearson correlation between measured soil variables and N2O-N fluxes for data 
sets pooled over the experimental period. 
 
 logN2O-N Temperature Moisture NO-N NH4
+-N NO3--N NO2--N Surface Soil pH HNO2 
Temperature     0.09     0.20         
Moisture 0.68 0.00   
-0.01 
0.89        
NO-N -0.06 0.48   
0.47 
0.00 
 -0.17 
  0.03       
NH4+-N -0.12     0.11   
-0.58 
0.00 
-0.03 
0.69 
-0.50 
 0.00      
NO3--N 0.30 0.00   
0.62 
0.00 
0.32 
0.00 
0.44 
0.00 
-0.84 
0.00     
NO2--N 0.21 0.01   
0.02 
0.83 
0.18 
0.02 
-0.15 
0.04 
0.06 
0.44 
-0.01 
0.95    
Surface Soil 
pH 
-0.20 
0.01   
-0.55 
0.00 
-0.20 
0.01 
-0.46 
0.00 
0.81 
0.00 
-0.85 
0.00 
0.19 
0.01   
HNO2 0.29 0.00   
0.41 
0.00 
0.27 
0.00 
0.14 
0.06 
-0.55 
0.00 
0.69 
0.00 
0.09 
0.20  
-0.69 
0.00  
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5.3.9.1 Relationship between soil temperature and N2O-N fluxes 
Values of both Q10(5-15oC) and Q10(15-22oC) were significantly influenced by WFPS 
when the data were pooled over all sampling times (Fig. 5.37 & 5.38). Maximum Q10 values 
were observed at the highest WFPS 87%.  
Similarly the values for Q10(15-22oC) were also significantly affected by the higher 87% 
WFPS, at 4 different sampling times ( P < 0.05) (Fig. 5.38) with no significant differences 
among the other WFPS treatments. There was a 1.9 fold increase in the maximum Q10 value 
at Q10(15-22oC) in the 87% WFPS treatment compared to Q10(5-15oC) (Fig. 5.37 and 5.38). 
The mean Q10(5-15oC) values did not vary between 11 and 61% WFPS but were significantly 
higher at 87% WFPS when averaged over time (Fig. 5.39). For Q10(15-22oC) values followed 
the same trend when averaged over time (Fig. 5.40). 
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Figure 5.37 Q10(5-15oC) values for N2O-N at different WFPS during experiment (n = 9, 
error bars are ± the s.e.m.). 
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Figure 5.38 Q10(15-22oC) values for N2O-N at different WFPS during experiment (n = 9, 
error bars are ± the s.e.m.). 
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Figure 5.39 Q10(5-15oC) values for N2O-N at different WFPS treatments (n = 9, error bars 
are ± the s.e.m.) 
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Figure 5.40 Q10(15-22oC) values for N2O-N at different WFPS treatments (n = 9, error bars 
are ± the s.e.m.). 
 
 
5.3.10 N2O-N: NO-N ratio 
With the exception of day 5 and 12 there was always a significant (P < 0.01) temperature 
effect on the N2O-N: NO-N ratio (Fig. 5.41). The average N2O-N: NO-N ratio at 5oC, 15oC 
and 22oC was 134, 278 and 283 respectively (Fig. 5.41).  
Averaged over the experimental period, there was no difference in the N2O-N: NO-N ratio 
between the lower WFPS treatments (11% and 36%) but at the higher WFPS levels (61% and 
87%) there were significantly higher N2O-N: NO-N ratios (Fig. 5.42). There was no 
interaction between the WFPS and temperature on the N2O-N: NO-N ratio.  
When data were pooled over time, the N2O-N: NO-N ratio correlated with WFPS treatment (r 
= 0.38 P < 0.01), and NH4+-N concentration (r = 0.23, P < 0.01) (Table 5-16). A correlation 
with NO3- -N and NO2- -N occurred on day 14 and with HNO2 on day 7 (Table 5-16). No 
relationship was observed with surface soil pH. 
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Figure.5.41 Soil N2O-N: NO-N ratio over time after urine application to soil at 3 different 
temperatures (n = 12, error bars are ± the s.e.m.). 
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Figure.5.42 Soil N2O-N: NO-N ratio over time after urine application to soil at 4 levels of 
WFPS (n = 9, error bars are ± the s.e.m.). 
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Table 5-16 Pearson correlation between measured soil variables versus N2O-N:NO-N at 
each individual sampling occasion and for the pooled data set. 
Days Temperature WFPS NH4+-N NO3-
* P < 0.05; ** P < 0.01; NS Non significant  
-N NO2--N Soil pH HNO2 
7 0.15NS 0.44** 0.12 NS    -0.18 NS       -0.16 NS 0.05 NS 0.45** 
14 0.02 NS 0.55**        0.08 NS      0.33* 0.68** -0.20NS 0.24 NS
21 -0.31NS 0.48** 0.36*    -0.17 NS 0.14 NS 0.22 NS -0.18 NS
28 -0.39* 0.44** 0.46**    -0.22 NS 0.07 NS 0.25 NS -0.11 NS
35 -0.32 NS 0.59** 0.44**    -0.16 NS       -0.05 NS 0.20 NS -0.06 NS
Pooled -0.03NS 0.38** 0.23**    -0.09 NS 0.12 NS 0.13 NS -0.02 NS
 
 
5.3.11 Water-Filled Pore Spaces (WFPS) 
Soil moisture treatments did not change significantly over time and temperature had no effect 
on WFPS (Fig. 5.43). When the data were pooled over time the WFPS values were 
significantly correlated with NO3- -N, soil pH, HNO2 concentrations and N2O-N fluxes (Table 
5-17). At individual sampling events the WFPS was strongly correlated with soil NO3- -N 
concentrations, and N2O-N fluxes on all days. Correlations of WFPS with soil pH, NO2- -N 
and HNO2 were observed on days 28 and 35; 7 and 14; and 7, 28 and 35 respectively (Table 
5-17). 
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Figure.5.43 WFPS versus time (n = 3, error bars are ± the s.e.m.). 
 
 
 
Table 5-17 Pearson correlation between measured soil variables versus WFPS at each 
individual sampling occasion and for the pooled data set. 
Days Temperature NH4+-N NO3-
* P < 0.05; ** P < 0.01; NS Non significant  
-N NO2--N Soil pH HNO2 NO-N N2O-N 
7 0.00NS 0.12 NS -0.42* 0.38* -0.09NS 0.99** -0.04 NS 0.47**
14 0.04 NS    0.01NS 0.49** 0.49** -0.33 NS 0.26NS -0.11 NS 0.42* 
21 0.02NS  -0.05 NS 0.39 * 0.03 NS -0.24 NS 0.32 NS -0.19 NS 0.58**
28 0.02NS  -0.19NS 0.49** -0.28 NS -0.33 * 0.39* -0.28 NS 0.53 **
35 0.11 NS -0.19 NS 0.45** -0.07 NS -0.42* 0.48** -0.22 NS 0.59**
Pooled 0.04NS -0.12 NS 0.40 ** 0.13 NS -0.29 ** 0.32** -0.13NS 0.33**
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5.4 Regression analysis 
5.4.1 Prediction of NO-N fluxes  
 
The NO and N2O fluxes were used as dependent variables while soil temperature, moisture, 
soil NH4+, NO3-, NO2-, HNO2 and soil pH were treated as independent variables. The 
regression relationships for NO are given in Table 5-18. 
The NO data was log transformed, and is subsequently termed log10NO.  Regression models 
were first determined for the NO-N fluxes with data pooled over time. As temperature 
increased the percentage of variability explained by the multiple regression model increased 
reaching a maximum of 58% at 22oC (Table 5-18; Fig. 5.44a). In the WFPS treatments more 
of the variation was explained at lower WFPS with up to 77% at 36% WFPS (Table 5-18; Fig. 
5.44b). Thus NO-N fluxes were predicted well when fluxes were higher i.e. at 22oC and 36% 
WFPS (Table, 5-18). The relevant significance of the variables contributing to these multiple 
regression is shown in Table 5-19. It can be seen that for the temperature treatment the best 
regression at 22oC (r2 = 0.58) included HNO2, WFPS, NO2- -N and NO3- -N. But when based 
on WFPS the best predictions (at 11 and 36% WFPS) utilised NH4+-N and temperature only. 
Multiple linear regression models were then determined for each sampling day and for data 
pooled over all sampling days (Table 5-20). Significant regressions occurred with no regular 
pattern over time. The regression coefficients ranged from 0.11 to 0.87 with most variability 
explained on day 28 (Table 5-20; Fig. 5.44c) during the period of higher NO-N fluxes. The 
relevant significance of the variables contributing to these multiple regression is shown in 
Table 5-21. 
 
 
 
 
  
 
Table 5-18 The results of multiple linear-regression models for log10NO-N at different temperature and moisture levels. 
 Treatments                                   Model r2       P 
Temperature    
5oC ][78.039.04.5][013.0][003.0][000.010.3log 223410 HNOsoilpHWFPSNONONHNNO   0.003      0.4 
15oC ][37.048.098.2][03.0][0002.0][0002.05.4log 223410 HNOsoilpHWFPSNONONHNNO   0.42  < 0.01 
22oC ][39.021.022.3][029.0][0015.0][0005.097.2log 223410 HNOsoilpHWFPSNONONHNNO   0.58  < 0.01 
WFPS    
11% ][01.0132.0][024.0][0004.0][0014.032.097.1log 223410 HNOsoilpHNONONHtempNNO   0.72  < 0.01 
36% ][064.002.0][024.0][0005.0][0011.0264.092.0log 223410 HNOsoilpHNONONHtempNNO   0.77  < 0.01 
61% ][233.0048.0][008.0][0012.0][0002.0154.016.0log 223410 HNOsoilpHNONONHtempNNO   0.55  < 0.01 
87% ][11.018.0][019.0][0021.0][0013.027.032.0log 223410 HNOsoilpHNONONHtempNNO   0.55  < 0.01 
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Figure 5.44 Best regression models developed at 22oC, 36% WFPS and day 28 during 
experimental period (see Tables 5.18 and 5.20). 
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Table 5-19 The significance of variables contributing to the multiple regression models developed for soil temperature and WFPS treatments. 
 
 NH4+ NO3- NO2- WFPS Soil pH HNO2 
Temperature 
5oC NS NS NS P < 0.05 P ≤ 0.05 P < 0.05 
15oC NS NS NS P < 0.05 P ≤ 0.01 P < 0.05 
22oC NS P < 0.05 P ≤ 0.01 P < 0.01 NS P < 0.05 
WFPS                             NH4+                                    NO3-                        NO2-                     oC                      Soil pH                    HNO2 
11% P < 0.05 NS NS P < 0.01 NS NS 
36% P < 0.05 NS NS P < 0.01 NS NS 
61% P < 0.05 P ≤ 0.05 NS NS NS P < 0.05 
87% P < 0.05 P < 0.01 P < 0.05 P < 0.01 NS NS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
118   
 
 
  
 
 
 
Table 5-20 Results of multiple linear regression model for log10NO-N (µg m-2h-1) at individual sampling occasions and pooled over time across all 
temperature and WFPS treatments. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Days Model r2 P 
7 ]  [28.006.095.1][04.0][0018.0][0002.0134.07.0log 223410 HNOsoilpHWFPSNONONHtempNNO   0.58 < 0.01
14 ]  [34.5398.0213.0][007.0][0019.0][0002.0205.04.3log 223410 HNOsoilpHWFPSNONONHtempNNO   0.11    0.18 
21 ][7.55056.0373.0][028.0][0007.0][0004.0399.016.1log 223410 HNOsoilpHWFPSNONONHtempNNO    0.81 < 0.01
28 ] [3.13296.076.0][017.0][001.0][0000.0242.082.2log 223410 HNOsoilpHWFPSNONONHtempNNO   0.87 < 0.01
35 ]  [72.116.031.0][009.0][0001.0][0008.047.036.0log 223410 HNOsoilpHWFPSNONONHtempNNO   0.79 < 0.01
Pooled data 
set 
] [41.7179.0295.0][0008.0][0001.0][0005.0244.007.2log 223410 HNOsoilpHWFPSNONONHtempNNO   0.58 < 0.01
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Table 5-21 The significance of  variables contributing to the regression models developed at each individual sampling day as well as for data pooled  
over all sampling days across all temperature and WFPS treatments. 
Days NH4+ NO3- NO2- WFPS oC Soil pH HNO2 
7 NS NS P < 0.05 NS P < 0.05 NS NS 
14 NS NS NS NS NS NS NS 
21 NS NS NS P < 0.05 P < 0.01 NS P < 0.05 
28 NS NS NS P < 0.01 P < 0.05 P < 0.05 P < 0.05 
35 NS NS NS NS P < 0.01 NS NS 
Pooled data P < 0.01 NS NS P < 0.01 P < 0.01 P < 0.01 P < 0.01 
 5.4.2 N2O regression analysis 
First log10N2O-N regression models were determined by using the mean soil temperature and 
mean WFPS treatments across all data sampling times (Table, 5.10). The variability in 
log10N2O-N fluxes were explained best at 15oC followed by 22oC. At 15oC dominant 
variables in the regression included HNO2, pH, WFPS and NO2- -N while at 22oC NH4+-N, 
NO3--N and WFPS dominated (Table, 5.11). The best regression model could only predict 
27% of the variability in the log10N2O-N flux in the WFPS treatments.  
When log10N2O-N fluxes were estimated for each sample day using multiple regression 
analysis (with data pooled across soil temperature and WFPS treatments), there were no 
variables consistently present in the best-fit regressions (Table, 5.12), however, WFPS 
significantly affected the prediction of log10N2O-N fluxes on all sampling days except at day 
7(Table, 5.13). 
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 Table 5-22 The results of multiple linear-regression models for N2O (µg N2O-N m-2h-1) at different temperature and moisture levels.  
 Model r2       P 
Temperature    
5oC ][61.050.010.5][02.0][0005.0][0001.0][066.02.3log 2234210 HNOsoilpHWFPSNONONHNONON    0.56   <0.01 
15oC ][09.008.057.0][10.0][0002.0][00002.0][002.02.3log 2234210 HNOsoilpHWFPSNONONHNONON    0.98    <0.01 
22oC ] [17.025.00.3][03.0][002.0][0014.0][0008.049.0log 2234210 HNOsoilpHWFPSNONONHNONON   0.60   <0.01 
WFPS    
11% WFPSHNOsoilpHNONONHNOtempNON 04.6][96.002.0][06.0][0006.0][0007.0][004.012.005.2log 2234210   0.22   <0.05 
36% Multiple regression non-significant 0.10     0.16 
61% WFPSHNOsoilpHNONONHNOtempNON 6.7][16.182.0][02.0][0002.0][0004.0][01.0085.052.7log 2234210   0.27   <0.05 
87% Multiple regression non-significant 0.14     0.09  
 
Table 5-23 Soil variables significantly affecting the log10N2O-N fluxes during regression analyses for temperature treatment. 
 
 NH4+ NO3- NO2- WFPS Soil pH HNO2 
Temperature 
5oC P < 0.01 NS NS NS NS NS 
15oC NS NS P < 0.01 P < 0.01 P < 0.01 P < 0.01 
22oC P < 0.01 P < 0.05 NS P < 0.05 NS NS 
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 Table 5-24 Results of multiple linear regression model for log10N2O-N (µg m-2h-1) at individual sampling occasion across all soil temperature and 
WFPS treatments. 
 
Days Model r2 P 
7 ][1.230.1][16.0][01.0][00008.00.321.04.12log 2234210 HNOsoilpHNONONHMoisturetempNON   0.59 < 0.01 
14 ][013.014.0][029.0][0002.0][0011.0][008.029.0011.069.1log 2234210 HNOsoilpHNONONHNOMoisturetempNON   0.63   0.18 
21 ][0.2032.0][03.0][0008.0][00005.046.037.09.1log 2234210 HNOsoilpHNONONHMoisturetempNON   0.53 < 0.01 
28 ]  [89.817.0][01.0][0004.0][0003.019.016.054.0log 2234210 HNOsoilpHNONONHMoisturetempNON   0.37  < 0.01 
35 ] [4.473.0][06.0][002.0][0005.050.03.015.4log 2234210 HNOsoilpHNONONHMoisturetempNON   0.67  < 0.01 
Pooled data set ]  [9.305.0][01.0][0003.0][0003.039.007.085.0log 2234210 HNOsoilpHNONONHMoisturetempNON   0.47 < 0.01 
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Table 5-25 The significance of  variables contributing to the regression models developed for log10N2O-N (µg m-2h-1)  
at each individual sampling day as well as for data pooled over all sampling days across all temperature and WFPS treatments. 
Days NH4+ NO3- NO2- WFPS oC Soil pH HNO2 
7 NS NS P < 0.05 NS NS NS NS 
14 NS NS P < 0.05 P < 0.01 NS P < 0.05 NS 
21 NS NS NS P < 0.01 NS NS NS 
28 NS NS NS P < 0.01 NS NS NS 
35 NS NS NS P < 0.01 NS P < 0.05 NS 
Pooled data NS NS NS P < 0.01 NS NS NS 
  
5.5 Discussion 
5.5.1  Soil inorganic-N and pH dynamics 
The changes in the inorganic-N concentrations were a reflection of the rates of nitrification 
and nitrate reducing processes such as denitrification. As noted above (section 5.3) these rates 
can be altered by temperature and soil moisture. The initial soil pH in this current experiment 
was 5.2 prior to urine application urine. In the previous chapter (chapter 4, soil pH 
experiment) the soil WFPS was 34% at a temperature of 21oC with the most comparable 
initial soil pH (5.7) that was subsequently treated with urine.  If we compare the results of the 
current experiment against this treatment in chapter 4 it can be seen that the concentrations of 
NH4+-N at day 7 were very similar, at just over 800 g g-1 dry soil, and the rates of net NH4+-
N depletion were comparable. If the soil moisture content is now varied and soil temperature 
is decreased as was the case in the current experiment net depletion rates decreased 
significantly as soil temperature cooled. Although the enzymatic hydrolysis of urea-N in urine 
may be slowed by a decrease in temperature (Moyo et al., 1989; Sherlock & Goh, 1984; 
Whitehead & Raistrick, 1991), this process would certainly have been complete after 35 days 
(when NH4+-N concentrations were still very elevated at 5oC). Thus the increasingly slower 
net NH4+-N depletion rates seen with decreasing temperature were most likely the result of 
decreased nitrification activity. The optimal temperatures for nitrification are reported to be 
25-30oC (Alexander, 1977; McLaren & Cameron, 1990) with decreasing rates below 15oC 
(Focht & Verstraete, 1977). The lower net NH4+-N depletion rates at 11% WFPS were 
presumably due to the soil being too dry for optimal nitrification, since the optimal WFPS for 
nitrification has been reported to be 30-60% WFPS (Davidson, 1991). 
These changes in the NH4+-N dynamics, influenced by the WFPS and temperature, thus 
explain the changes in the NO2--N concentrations, where NO2--N concentrations increased 
sooner under the warmer treatments and took longer to peak under the driest WFPS treatment 
(11%). The much slower nitrification rates at 11% WFPS and 5oC also explain the lower NO3-
-N concentrations and NO3--N accumulation rates observed. The lack of any increase in the 
rate of net NH4+-N depletion once the WFPS content exceeded 36% is consistent with 
previous reported research results which showed that the optimum soil moisture content for 
nitrification to be 30-60% WFPS (Davidson, 1991; Maljanen et al., 2007; Yamulki et al., 
1995). Interestingly, there was considerable disparity between the NH4+-N depletion rates and 
the NO3--N accumulation rates with not all the depleted NH4+-N ending up in the soil NO3--N 
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 pool. For example, when averaged over WFPS treatments the NH4+-N depletion rate was 10 
times higher than the NO3--N accumulation rate. Reasons for this could have been other non-
measured N loss pathways such as NH3, N2 production, microbial immobilisation of N or 
adsorption of NH4+-N. 
As noted above, the rapid elevation in soil pH following urine deposition is a 
consequence of urea hydrolysis, and all treatments had a similar soil pH at day 7 (Fig. 5.18-
5.19). A decline in soil pH following urea hydrolysis is a consequence of both NH3 
volatilisation and nitrification which produces net acidity (section 2.3). During nitrification 2 
H+ ions are produced per mole of NH4+ oxidised (Wrage et al., 2001). The similar soil pH 
values at day 7 between treatments, suggests that NH3 volatilization rates were not 
significantly different between treatments, the exception may be the 22oC treatment where the 
soil pH at day 7 was already tending to be lower. Thus the different rates of soil pH decrease, 
seen after day 7, were due to the varying nitrification rates as noted above with the 5oC 
treatment having a slower decline in NH4+-N concentration and soil surface pH while the 
reverse occurred with increasing temperature. 
5.5.2  Theoretical HNO2 and NO fluxes. 
Theoretical concentrations of HNO2 are a function of NO2--N and the soil pH (section 4.2.5). 
The peaks in HNO2 on day 14 at 22oC and at 61% and 87% WFPS occurred at the same time 
as NO2--N peaked in these treatments, and these treatments all had lower soil surface pH 
values when compared with other treatments. But the rate of change in soil pH values was 
continuous over time and not randomly ‘peaking’ at this time. Thus the HNO2 peaks were 
weighted by the change in soil NO2--N concentrations. These were in the order of 4 – 8 g g-1 
soil and may be considered high for pasture soil. For example Clough et al. (2009) measured 
NO2- -N concentration of < 3g g-1 soil in an in situ field study. Despite the 15oC treatment 
also having relatively high NO2--N concentrations on day 21 the soil pH was presumably too 
high for any elevation in HNO2 to be observed. Based on the low NO3--N concentrations at 
day 7 and their rapid increase by day 14 there was considerable turnover of NO2--N between 
days 7 to 14 which explains the NO2--N peaks at day 14. Studies have shown the turnover of 
NO2--N in soil to be very high (Russow et al., 2009). The increase in the HNO2 concentrations 
from day 21 occurred despite the soil NO2--N concentrations continuing to decline. Thus they 
were driven by the higher rate of increasing acidity especially in the 22oC treatment, as in this 
treatment where the final surface soil pH was < 5.0. After day 21 the increasing HNO2 
concentrations occurred simultaneously with lower soil pH at > 11% WFPS and as NO2--N 
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 increased with WFPS from 36% to 87%. The latter was possibly as a result of denitrification 
of the increasing NO3--N pool at this time. 
The increase in the NO-N flux rate with increasing temperature, particularly from 15 to 
22oC is a result supported by previous research (Skiba et al., 1992) where, NO fluxes 
increased with temperature from a grassland soil received 150 kg N ha-1 as NH4NO3. But the 
results beg the question as to why the NO-N flux increased with increasing temperature from 
the urine patches? The greatest response to temperature occurred at 22oC, where soil NH4+-N 
was depleting more rapidly, the soil pH was decreasing faster, and NO3--N was accumulating 
at a higher rate. The multiple regression performed for the mean 22oC treatment (Table 5-19) 
indicated that soil NO3--N, NO2--N, WFPS and HNO2 all played significant roles in producing 
the net NO-N flux. Clearly as the soil gets wetter the ability for NO-N to diffuse out of the 
soil decreases, and this explains why lower NO-N fluxes were observed at 61-87% WFPS. As 
HNO2 self decomposes, NO-N is released and NO2--N contributes to HNO2 formation. The 
role of NO3--N might be explained due to the fact that the NO-N fluxes were averaged across 
all WFPS treatments when considering just the 22oC treatment. There may have been some 
bias due to the high denitrification rates at 87% WFPS, as evidenced by the very high N2O 
fluxes. Denitrification of NO3--N could have led to an NO2--N pool contributing to the NO 
flux. Russow et al. (2009) demonstrated the possibility of two separate NO2--N pools 
operating in the soil with one supplied by denitrification and the other by nitrification. 
However, the correlations between logNO-N and NO3--N were positive indicating that both 
increased together which suggests denitrification was not a dominant mechanism for NO-N 
production. If it was one would also expect denitrifiers to consume the NO. 
At first glance, it is perhaps surprising that NH4+-N did not feature as a key component 
generating NO-N in the 22oC regression (Table 5-18 & 5-19), if one thinks of N turnover as 
being responsible for NO-N fluxes. However, considering the findings of the previous chapter 
(Chapter 4) and those of Venterea & Rolston (2000b) where it was not N turnover but HNO2 
formation that was the key driver of NO-N production then the following explanation must be 
considered. In this current experiment, at 22oC, NO-N as a percentage of the NH4+-N turnover 
varied little from the 5 and 15oC treatments between days 7-14. However, as time went on, at 
22oC, this percentage increased dramatically by two orders of magnitude (Table 5-7). Over 
time the rate of net NH4+-N depletion was constant at 22oC (979 ng g-1 soil h-1; Table 5-7) so 
this steady N turnover rate could not have been responsible for the increase in the NO-N flux 
as a percentage of the net NH4+-N depletion rate. What did change in a continuous and steady 
manner, in line with the increase in the NO-N flux as a percentage of the net NH4+-N 
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 depletion rate, was the soil pH. It decreased over time as a result of nitrification, and so NO2--
N was steadily forming into an increasingly acidic soil. As the soil pH decreased the NO2--N 
reacted with the increasing H+ supply forming HNO2 which then decomposed forming NO. 
This theory is supported by the strong relationships found between the H+ concentration and 
the NO-N flux as a percentage of the net NH4+-N depletion rate (section 5.3.8.2). It is also 
consistent with the results of the chapter 4 where it was shown that initial soil pH played a 
major role in determining NO-N flux rates, while here upon closer examination it is also a 
function of soil acidity produced during nitrification. 
When WFPS treatments were averaged across all temperatures, the best multiple linear 
regressions were found at 11-36% WFPS treatments (r2 ≥ 0.72; Table 5- 18). The highest NO-
N fluxes occurred at 11-36% WFPS, at 22oC (Fig. 5.22 & 5.23). Soil NH4+-N concentrations 
had remained elevated in these WFPS treatments at this time (Figure 5-3). The NO-N flux as 
a percentage of the net NH4+-N depletion rate was variable when considering the WFPS 
treatments. But clearly it remained low at 87% WFPS due to the low NO-N fluxes being a 
result of high WFPS hindering NO release from the soil (Galbally, 1989). But it is highly 
likely that given the relatively constant decline in NH4+-N concentrations and differences in 
soil pH, driven by NH3 oxidation, that again it was the soil pH determining the rate of HNO2 
formation and that this was the major determinant of NO-N flux rate. 
The rationale outlined above also holds when considering the variables driving the best 
regression model developed for a given day of the experiment. The best fit was achieved late 
in the experiment when high NO-N fluxes were occurring. On day 28 (r2 ≥ 0.87; Table 5-20) 
the key determinants of the log10NO-N flux were WFPS, temperature, soil surface pH and 
HNO2 (Table 5-21). Higher NO-N fluxes occurred at lower WFPS, higher temperature, under 
more acidic soil conditions as a result of nitrification (which was not complete and thus NO2--
N was still being produced), and when HNO2, a function of soil pH and NO2--N, was present. 
The presence of HNO2 may depend on more than just pH and NO2-. Venterea et al. 
(2005) proposed a hypothesis where abiotic production of NO occurs as a result of reactions 
occurring primarily at the interface of the soil surface and soil solution. The hypothesis 
proposed NO production increases with decreasing WFPS as a result of both the increasing 
ratio of interfacial area to soil solution volume and the surficial nature of soil acidity, where 
mineral and organic colloids are sources of exchangeable and non-exchangeable soil acidity. 
The data of Venterea et al. (2005)  indicate that besides water content the soil clay content, 
organic matter, iron and the surface charge density are also implicated in abiotic NO 
production and they conclude that the equation for calculating HNO2 (section 4.2.5) is an 
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 oversimplification of the abiotic processes regulating gross NO production. Only one soil type 
was used in the current experiment so the impact of clay, organic matter and iron cannot be 
assessed with respect to the current study. 
The increase in the Q10(5-15) (the factor by which rate of net NO-N release from the soil 
surface increases for a 10 degree increase in soil temperature) where values ranged from 4.2 
to 1.4 had a marked non-linear variation in this response due to WFPS (Figure 5.29). This 
occurred due to the fact that at higher WFPS treatments NO diffusion rates are reduced and 
thus the soil residence time of the NO and the potential for NO consumption is enhanced. As 
noted below, denitrification increased with increasing WFPS and NO reductase may also have 
been more actively engaged at higher WFPS. Thus the non-linearity and lower Q10(5-15) at 
higher WFPS treatments may have been due to enhanced consumption of NO with increasing 
WFPS. The Q10(15-22) values did not vary consistently with changes in WFPS (ranging from 
3.7 to 8.1; Figure 5.30) but the values were generally higher than for the temperature shift 
from 5 to 15oC. The reason for this was that nitrification of the NH4+ pool and subsequent 
increases in soil acidity (decreasing soil pH) occurred at a higher rate when the temperature 
was shifted from 15 to 22oC compared with the shift from 5 to 15oC.  
The increased NO emissions with increasing temperature and low WFPS, and vice 
versa, support previous research results from agricultural soils in temperate climates (Hou et 
al., 2000; Maljanen et al., 2007; Skiba et al., 1997) and other environments such as tropical 
savannah (Otter et al., 1999). 
With specific respect to urine patches studies, the NO-N fluxes support a field study on 
a boreal pasture soil performed by Maljanen et al.(2007), who found, that NO emissions 
increased with increasing summer soil temperature, and decreasing soil moisture (soil pH 6.0, 
received 583 kg N ha-1). The Q10 values are consistent with others in the literature, although 
these are very few in number. As noted above previous Q10 values for NO production ranged 
from a value of 2.0 below 20°C and a Q10 of 1.4 above 20oC (Laville et al., 2009) when soil 
(initial pH 8.3) was at 15% gravimetric moisture content receiving 140 kg N ha-1. While 
Akiyama & Tsuruta (2002), recorded Q10 values of 8.7 between 5 and 30oC following N 
fertilizer application 150 kg N ha-1 to soil. There appear to be no studies examining the Q10 
rates for NO consumption. 
A laboratory study was conducted by Venterea et al. (2005) using a sterilized silt loam 
to investigate the effect of varying soil moisture, soil NO2- and temperature on abiotic NO 
production. No Q10 value was reported but an Arrhenius relationship was developed where 
with 1 g NO2--N present per gram soil, gravimetric water (θ) content ranging from 0.05 to 
 129
 0.20 g H2O g-1 soil, and temperature varying from 20 to 35oC, the production of NO varied by 
a factor of 25. With the lowest rate under cool moist conditions (θ = 0.20, 20oC) and the 
highest under drier warm conditions (θ = 0.05, 35oC). Again the experimental conditions of 
the experiment conducted by Venterea et al.(2005) preclude direct comparisons but the trends 
are consistent with the current results. 
Given the results of the current experiment and of the previous chapter it is apparent 
that the value of Q10 is not solely due to the change in soil temperature but rather it is the 
effect of soil temperature on the soil pH (H+ ion concentration) and NO2--N supply and the 
factors sustaining this or dynamically changing it i.e. nitrification rates being influenced by 
soil temperature and thus changing the rate of H+ and NO2--N supply. Following on from this 
it might also be expected that, for any given temperature change, the rate at which an NH3 
source is nitrified might also affect a Q10 value. Since the more nitrifiable substrate there is, 
the greater the potential decrease in soil pH. Changes in soil pH are also influenced by the 
soil’s buffer capacity, and this could also be a determinant of the Q10 response to increasing 
temperatures. In natural unfertilized systems, increases in soil temperature might enhance 
mineralization rates and increase resident native N pools. But if a nitrifiable fertilizer or urine 
event occurs there is the potential for NO production when the soil pH decreases and this in 
turn will be driven by the initial soil pH. The relatively high soil pH of 8.3 used by Laville et 
al. (2009) may partially explain the lower Q10 values obtained. 
This experiment clearly showed that the nitrification rate affected soil pH and the 
subsequent theoretical HNO2 values and NO-N fluxes. Therefore, it might be expected that 
the rate of NH4+-N applied may also have an effect on the NO-N rate. Since the greater the 
NH4+-N initially present, the greater will be the decline in soil pH, all things being equal. 
Thus the effect of nitrification on changing soil pH seen in this experiment under urine might 
also vary depending on the initial urine-N rate. 
Analogous to this idea is the form of N applied to a soil. While urine-N is limited to the 
formation of NH4+-N it may be that fertiliser type could affect NO-N emissions. This has 
indeed been studied. Hirose & Tsuruta (1996) and McTaggart & Tsuruta (1997) both reported 
lower NO emission from NO3- -N than NH4+-N fertiliser (Akiyama & Tsuruta, 2002) under 
aerobic conditions. However, soil pH values over time were not reported in these studies. But 
the higher emissions from the NH4+-N fertilizer may have involved abiotic NO production. 
Maximum cumulative NO-N fluxes (0.07% of urine-N applied) were again similar to those 
obtained in previous urine studies for example, Maljanen et al. (2007) found that 0.16% of the 
urine-N applied in summer was emitted as NO. These cumulative NO-N fluxes (as a % of N 
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 applied) were also very comparable to values obtained in chapter 4 when the soil was at a 
similar initial pH and temperature (Figure 4.13). The soil temperature influenced the 
maximum cumulative NO-N flux due to its effect on nitrification rates and the ensuing effects 
on H+ and NO2--N supply, thus cumulative fluxes were higher at 22oC. Water-filled pore 
space influenced the cumulative NO-N flux with the optimum emerging as 36% WFPS due to 
lower rates of nitrification at 11% WFPS and lower NO-N emissions as the WFPS increased 
above 36%. 
5.5.3   N2O-N fluxes and N2O: NO-N ratios. 
Mechanisms for N2O flux generation appear to have been dominated by denitrification with 
high fluxes at 87% WFPS and under the warmest temperature (Figure 5.32). It is well 
recognized that N2O fluxes can increase dramatically when WFPS exceeds ca. 60% (Linn & 
Doran, 1984). This of course assumes a ready supply of C and N substrates. The lack of plants 
in this experiment meant that there were no plant-root exudates C available for denitrifiers. So 
presumably the high N2O fluxes that occurred in the 87% WFPS treatment were the result of 
available soil C. Conversely, the multiple regression analysis for 15oC (Table 5-10 & 5-11) 
showed that HNO2 was a key factor in explaining the variability of the observed N2O fluxes. 
This is not an obligate intermediary in biological denitrification. However, at 22oC NH4+-N 
and NO3--N became key factors. Nitrous oxide is formed via biotic and abiotic mechanisms 
(Firestone & Davidson, 1989). The production of N2O has definitively been shown to be 
strongly correlated with HNO2 in sterile soils and can occur concurrently with biological 
mechanisms of NO production (Venterea & Rolston, 2000b). However, low soil pH values 
are required for HNO2 to be generated and as discussed above, with respect to NO production, 
theoretical HNO2 concentrations did not appear to be higher enough to affect NO production 
until after day 21. Yet N2O production at 87% WFPS was observed to maintain a high flux 
rate almost from day 1, which counts against there being any significant HNO2 mechanism. 
Thus the N2O produced in the current study was dependent on denitrification of NO2--N 
produced either from possibly a combination of nitrification and or NO3--N denitrifying 
mechanisms. Russow et al. (2009) very carefully demonstrated that even under a 20% oxygen 
atmosphere that 12% of the NO2--N generated came from NO3--N and that this percentage 
increased to 100% under totally anaerobic conditions. Thus at 87% WFPS it might be 
expected that denitrification would dominate. 
At soil temperatures of 2 to 5oC, slow rates of denitrification have been recorded while 
between 15 to 35oC the temperature coefficient of denitrification reportedly doubled but 
declined abruptly in the range of 10 to 15oC (Stanford et al., 1975). This trend is in line with 
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 the current experimental results. Unlike the NO-N flux both the Q10(5-15) and Q10(15-25) values 
for the N2O-N flux showed increasing responses to the increasing WFPS treatments (Fig. 
5.36-5.37). This again suggests denitrification as the dominant N2O producing mechanism at 
higher WFPS values and it confirms that NO-N consumption would also have been enhanced 
as WFPS increased. 
Again the maximum cumulative N2O emissions were higher (especially at 87% WFPS) 
than generally recorded in a field study (as discussed above) due to conditions being ideal in 
terms of temperature, WFPS (at 87%), and the lack of N removal pathways such as leaching 
and plant uptake. The ratio of N2O-N: NO-N was predominately > 1 which would suggest that 
denitrification was the dominant production mechanism for N2O (Davidson, 1992; Skiba et 
al., 1993). Assumptions with respect to this ratio assume that the N2O: NO ratio is higher 
during denitrification because NO is an obligate intermediary and will be consumed during 
denitrification, and that since denitrification occurs in wet soil environments NO diffusion 
from the soil is inhibited relative to N2O. The results of this chapter show NO-N fluxes 
increasing, even under wet conditions, and as soil acidity increased and when N2O production 
was relatively high. Given the results of this chapter with respect to soil pH and NO2--N 
supply, and the role they obviously play in HNO2 formation that in turn leads to NO fluxes, 
the results of chapter 4, and the work of Venterea & Rolston (2000b), it might be argued that 
the N2O: NO ratio is not the best solution for explaining the source mechanism of NO 
production. 
5.6 Conclusions 
Soil inorganic-N dynamics and changes in soil pH were consistent with previous studies and 
occurred due to differing rates of nitrification. Nitrification rate increased with increasing soil 
temperature and with increasing WFPS up to 36%, where upon no further increase or decrease 
in nitrification rate occurred as WFPS increased further.  
Theoretical HNO2 concentrations increased more rapidly in those treatments where soil 
pH declined faster and the theoretical HNO2 coincided with this reduced pH and elevated 
NO2-.  When these factors coincided, the measured NO-N flux was elevated. When predicting 
these NO-N fluxes soil pH, HNO2, temperature and NH4+ levels were key drivers during 
periods of high flux and produced strong multiple regression results. 
The relationship between the NO-N flux expressed as a percentage of the net NH4+-N 
depletion rate was consistent with the results established in chapter 4, where the initial soil pH 
influenced this percentage. Instead of the initial soil pH playing the dominate role in 
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 determining the NO-N flux in  this experiment it was the soil pH determined by the rate of 
nitrification so NO-N fluxes occurred after soil pH values decreased to a level where HNO2 
could form from NO2--N. 
Given that nitrification rate influenced the NO-N flux so markedly, the question is raised as to 
what effect N fertiliser type (potentially nitrifiable versus non nitrifiable) would have on the 
subsequent NO-N fluxes, and what effect the N rate of a nitrifiable fertiliser or urine patch 
would have. 
The effects of soil temperature and WFPS on N2O-N and NO-N fluxes from urine applied 
to soil were consistent with previous rationales and summaries (Firestone & Davidson, 1989; 
Ludwig et al., 2001) with higher NO-N fluxes at warmer soil temperatures and in drier soils, 
while N2O-N fluxes were enhanced under wetter and warmer soils. 
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   Chapter 6 
Effects of urine-N application rates on NOx and 
N2O gases emissions under controlled conditions 
6.1 Rationale 
Very few studies have examined NOx emissions from ruminant urine affected soil (section 
2.6). Previous studies that have examined NOx gas emissions from urine, generally used 
urine-N rates at the lower end of the possible range ≤ 500 kg N ha-1 (Bronson et al., 1999; 
Colbourn et al., 1987). Potentially, the N loading under a bovine urine patch in New Zealand 
can reach 1000 kg N ha-1 (Haynes & Williams, 1993). Under high rates of urine (e.g. 1000 kg 
N ha-1) soil inorganic-N concentrations are even more elevated, soil pH increases, soil salt 
concentrations increase and microbes can become stressed (Bhandral et al., 2007; Chantigny, 
2003). Thus higher rates of urine (> 500 kg N ha-1) may potentially affect NO and N2O flux 
duration and magnitude. Given the results of the previous chapter, which showed that the rate 
of decrease in soil NH4+-N concentrations had an effect on the NO-N flux when expressed as 
a percentage of the ammonium depletion rate, it is possible that higher or lower rates of urine-
N (cf. 500 kg N ha-1) may affect the rate of decrease in soil NH4+-N concentrations and 
subsequent NO-N and N2O fluxes. 
 The main objective of this study was to examine the effect(s) of ruminant urine-N rates on 
the emissions of NOx and N2O under controlled conditions. 
6.2 Materials and methods 
6.2.1 Treatments and Experimental Design 
An air-dried  Templeton silt loam soil (Pallic typic soil New Zealand Soil Classification) 
(Hewitt, 1998) was used for the experiment (section 3.9). The experimental design was a 
randomized complete block. Treatments consisted of five urine-N rates (0, 250, 500, 750 and 
1000 kg N ha-1) replicated thrice. Five destructive soil samplings occurred on days 7, 14, 21, 
28, and 35 following urine application, giving a total of 75 soil cores. Within each replication, 
25 cores were randomly distributed. Soil (160 g) was packed into (5 x 9 cm) polyvinyl 
chloride (PVC) cores to a depth of 7.5 cm and a bulk density of 1 g cm-3. Cow urine was 
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 collected from cows at the Lincoln University dairy farm milking platform that had been 
grazing ryegrass (Lolium perenne)/white clover (Trifolium repens) pasture. Collected urine 
contained 11 g N L-1. Urine was applied to all the soil cores at a rate of 0, 5, 10, 15 and 20 mL 
per treatment to provide five urine-N rates (0, 250, 500, 750 and 1000 kg N ha-1) respectively. 
The soils were initially wetted with deionised water via pipette and subsequently by the 
addition of urine via pipetting onto the soil surface to bring the soil moisture content to field 
capacity (34% WFPS) in all urine-N treatments. 
 After cow urine was carefully pipetted onto the soil surface the soil cores were placed 
in a constant temperature (21oC) room. Soil cores were weighed every second day and 
subsequently watered with deionised water using a hand held sprayer, in order to replace any 
water lost through evaporation.  
6.2.2 Soil sampling and Analysis 
Every 7 days, 15 cores (5 urine treatments x 3 replicates) consisting of five cores per replicate 
were destructively sampled and analyzed for inorganic N concentrations, bulk soil pH and 
gravimetric water content (section 3.6). Concentrations of HNO2 were also calculated as 
noted above (section 4.2.5) but instead of using the surface soil pH in the calculations, as in 
the previous experiments, the bulk soil pH was utilised due to a breakage of the soil surface 
pH probe and a replacement probe was not available. 
6.2.3 N2O and NOx sampling and analyses 
Nitrous oxide and NOx sampling and respective flux determinations were performed as 
described previously (section 3.4 and 3.5). Measurements for NOx were taken on the 
following days 0, 1, 2, 3, 5, 6, 8, 9, 10, 12, 13, 15, 19, 20, 22, 25, 27, 29, 30, and 32 while 
N2O fluxes were measured on days 0, 1, 2, 5, 6, 8, 9, 12, 20, and 27. 
6.2.4 Statistical Analysis 
All mathematical analyses and calculations were performed using Minitab (version 15). A 
repeated measure ANOVA was performed to test for differences of means. In some situations, 
where the data showed significant departures from normality these data were log transformed 
prior to analyses. 
 136
 6.3 Results 
6.3.1 Soil NH4+-N concentrations 
Soil NH4+-N concentrations varied significantly with urine-N rate (P < 0.01, Fig. 6.1), with 
the highest concentrations recorded in the 1000 kg N ha-1 treatment  ranging from 1009 on 
day 7 to 241  µg g-1 dry soil on day 35 (Fig. 6.1). In the control treatment soil NH4+-N 
concentrations ranged from 86 to 11 NH4+-N µg g-1 dry soil on day 7  and day 35 
respectively. When the soil NH4+-N concentration data were pooled over all sampling times, 
the concentration of NH4+-N was significantly correlated with urine N rate  (r = 0.704, P < 
0.01) and time ( r = -0.61, P < 0.01). The interaction between urine-N rate and time on soil 
NH4+-N concentration was significant (P < 0.01; Fig. 6.2). 
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Figure 6.1 Soil NH4+-N concentrations with different urine N rates over time (n = 3, error 
bars are ± the s.e.m).  
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Figure 6.2 Mesh plot of soil NH4+-N concentrations versus time and urine-N rates. 
 
6.3.2 Soil NO2--N concentrations 
Urine-N application rates affected NO2--N concentrations (P ≤ 0.05) (Fig. 6.3). Until day 14, 
mean maximum soil NO2--N concentrations were observed at 1000 and 500 kg N ha-1. On day 
7 and 14 no significant differences were observed between the 500, 750 and 1000 kg N ha-1 
treatments.  Soil NO2--N concentrations were higher at 1000 kg N ha-1 and lowest in the 0 and 
250 kg N ha-1 treatments (Fig. 6.3). At day 28, soil NO2--N concentrations in the control were 
still higher than in the 1000 kg N ha-1 urine-N treatments while at day 35 there was no 
significant differences observed between the control, 250, 500 and 750 kg N ha-1 urine-N 
rates (Fig. 6.3). Soil NO2--N concentrations remained low (< 1.5 µg g-1dry soil) in the control 
and 250 kg N ha-1 treatments throughout the experiment (Fig. 6.3).  
When the soil NH4+-N concentration data were pooled over time there was a significant 
correlation with soil NO2- -N concentrations (r = 0.51, P < 0.01). 
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Figure 6.3 Soil NO2--N concentration at different urine N rates over time (n = 3, error bars 
are ± the s.e.m).  
6.3.3 Soil NO3--N concentrations 
Soil NO3--N concentrations were affected by urine-N rate treatments at all sampling times (P 
< 0.01; Fig. 6.4). In the control treatment the soil NO3--N concentrations ranged from 27 to 65 
µg g-1 dry soil. In the urine treated soils NO3--N concentrations increased over time with the 
maximum concentrations of 192, 298, 338 and 265 µg g-1 dry soil observed at 250, 500, 750 
and 1000 kg N ha-1 respectively by day 35. On day 7, the highest soil NO3--N concentrations 
were recorded in the 250 kg N ha-1 treatment (mean 35 µg g-1 dry soil) and the lowest in the 
1000 kg N ha-1 (mean 9 µg g-1 dry soil), while intermediate concentrations were recorded at 
500 and 750 kg N ha-1 (mean 20 µg g-1 dry soil). This trend continued until day 14. On day 21 
the soil NO3--N concentrations increased in all treatments but maximum mean soil NO3--N 
concentrations (126 µg g-1 dry soil) were still observed in the 250 kg N ha-1 treatment 
followed by the 500 and 750 kg N ha-1 treatments while the lowest concentration still 
occurrence in the 1000 kg N ha-1 (65 µg g-1 dry soil). On day 28 and 35, maximum mean soil 
NO3- -N concentrations were observed at 500 and 750 kg N ha-1 treatments respectively (Fig. 
6.4). By day 35, NO3--N concentrations had plateaued in the 250 and 500 kg N ha-1 treatments 
but continued to increase in the 750 and 1000 kg N ha-1 treatments (Fig. 6.4). This was 
reflected in a significant interaction between treatment and time, due to NO3--N 
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 concentrations increasing at different rates (P < 0.01) (Fig. 6.5). When the data were pooled 
over all sampling times, NO3--N concentrations were correlated with time (r = 0.81, P < 0.01) 
and urine-N rate (r = 0.224, P ≤ 0.05). The pooled NO3- -N concentration data correlated 
negatively with soil NH4+-N concentrations (r = -0.54, P < 0.01). Similarly, NO3--N 
concentrations were significantly correlated with soil NH4+-N concentrations on days 7, 14, 
and 21, (r = -0.642, P ≤ 0.05; r = -0.804,  P ≤ 0.01;  r = -0.871,  P ≤ 0.01, respectively) no 
such relationship was observed on days 28 and 35. No significant relationship with soil NO2--
N occurred. 
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Figure 6.4 Soil NO3--N concentration at different urine N rates over time (n = 3, error bars 
are ± the s.e.m).  
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Figure 6.5 Mesh plot of soil NO3- -N concentrations versus time and urine-N rates. 
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 6.3.4 Net NH4+-N depletion and NO3- -N accumulation rates 
The net NH4+-N depletion and  NO3--N accumulation rates (Table 6-1) were calculated by 
regression of NH4+-N and NO3--N concentrations versus time, (Venterea & Rolston, 2000a). 
When these rates were plotted against urine-N rates, significant quadratic relationships were 
observed between urine-N rates and net NH4+-N depletion rates and net NO3--N accumulation 
rate respectively (Fig. 6.6).  
Table 6-1 Net NH4+-N depletion and net NO3- -N accumulation rates at different urine-N 
treated soils (n = 15). 
 (1)Accumulation and depletion rates obtained by linear regression of NH4+-N or NO3- -N 
concentrations vs. time; values in parentheses are regression coefficients (r2). 
Urine-N rate 
kg N ha-1 
Depletion of NH4+-N(1)
(ng g-1 soil h-1) 
Accumulation of NO3--N(1)
(ng g-1 soil h-1) 
0 119 (0.95) 30  (0.71) 
250 772 (0.98) 396 (0.88) 
500 1171 (0.96) 265 (0.93) 
750 1289 (0.98) 98 (0.95) 
1000 1115 (0.95) 78 (0.96) 
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Figure 6.6 Net NH4+-N depletion rate and net NO3- -N accumulation rate at different 
urine-N rates (n = 15, error bars are ± the s.e.m). 
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 6.3.5 Soil pH  
Soil surface pH declined with decreasing urine-N application rate (P < 0.01) over time (P < 
0.01), with the highest soil pH in the 1000 kg N ha-1 treatment (Fig. 6.7). The soil surface pH 
values at the high urine-N rates of 750 and 1000 kg N ha-1 treatments were higher than those 
in the other treatments at nearly all the days (Fig. 6.7). Soil pH decreased linearly with time 
(r2 = 0.92-0.98) and correlated with urine-N rate (r = 0.58, P < 0.01). There was a significant 
interaction between urine-N rate and time on soil pH (P < 0.01) (Fig. 6.8). Soil pH was 
positively correlated with NH4+-N and NO2- -N concentrations, r = 0.97, P < 0.01 and r = 
0.45, P < 0.01 respectively, but negatively correlated with NO3--N concentrations (r = -0.54, P 
< 0.01). 
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Figure 6.7 Effect of urine-N rates on bulk soil pH over time (n = 3, error bars are ± the 
s.e.m).  
 
 
 
 
 
 
 
 
 
 
 
 143
  
 
 
 
 
 
 
 
 
4.0
4.5
5.0
5.5
6.0
6.5
7.0
7.5
8.0
0
200
400
600
800
1000
10
15
20
25
30
So
il 
pH
Ur
ine
-N
 ra
tes
 (k
g N
 ha
-1 )
Days
 
Figure 6.8 Mesh plot of soil pH versus time and urine-N rates. 
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 6.3.6  Theoretical HNO2 concentrations 
The theoretical soil HNO2 concentrations were determined as outlined above using the bulk 
soil pH and NO2- -N determinations at each destructive soil sampling event. The soil HNO2 
concentrations were significantly affected (P < 0.01) by urine-N rate treatments; with HNO2 
concentrations in the non-urine treated soil higher than in the urine treated soils until day 28 
and they ranged from 15 to 104 ng g-1 dry soils (Fig. 6.9).  
The maximum HNO2 concentrations in the urine-N treatments were observed on day 35. A 
significant interaction occurred between time and urine-N rate on HNO2 concentration (P < 
0.05). 
When data were pooled over all sampling occasions, the HNO2 concentrations were 
significantly correlated with the soil NH4+-N concentrations ( r = 0.42,  P < 0.01).  
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Figure 6.9 Calculated HNO2 concentration of different urine-N rates treatments over time 
(n = 3, error bars are ± the s.e.m). 
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 6.3.7 NOx fluxes 
Urine-N application rates affected the NO-N fluxes on all days (P < 0.01) (Fig. 6.10). 
Maximum mean NO-N fluxes (208 µg NO-N m-2 h-1) occurred at the highest rate of urine-N 
applied (1000 kg N ha-1). The NO-N fluxes increased with increasing urine-N rate from day 
19 onwards. No NO2 fluxes were detected. The interaction of both urine-N rate and time on 
NO-N fluxes was significant when the control was excluded (P < 0.01) (Fig. 6.11). 
 Over the 35 days, the average losses of NO-N from the 250, 500, 750 and 1000 kg N ha-1 
treatments were 0.48, 0.39, 0.38, and 0.40% of the applied urine-N, respectively showing no 
significant differences (Fig. 6.12). However, the percentage loss was significantly greater at 
250 kg N ha-1 compared to 750 kg N ha-1 urine-N rate (P < 0.05)  These cumulative losses of 
NO-N were positively correlated with the percentage losses of N2O-N (r = 0.83; P < 0.01). 
Correlation and multiple linear- regression analyses were performed on pooled data for all 
treatments together and at each sampling occasion and for each treatment (Table, 6-2 & 6-3). 
At each individual sampling day, NO-N fluxes were significantly correlated with soil pH, 
HNO2, NO2--N and NH4+-N (Table, 6-2), but no such relationship was observed when data 
were pooled over all sampling times. Similarly, NO-N fluxes were significantly correlated 
with soil NH4+-N and NO3- -N concentrations in individual urine treatments while the only 
significant relationship observed with respect to HNO2 was at 750 kg N ha-1 (Table, 6-3). 
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Figure 6.10 Fluxes of NO-N (µg m-2 h-1) from different urine-N treatments (n = 3, error 
bars are ± the s.e.m). 
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Figure 6.11 Mesh plot of mean NO-N flux versus time and urine-N rates excluding control. 
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Figure 6.12 Cumulative NO-N emitted as % of N applied versus urine-N rate o and NH4+-
N depletion rate     (n = 3, error bars are ± the s.e.m). 
 
 
 
Table 6-2 The correlation coefficients (r) between NO-N flux and soil variables measured 
at destructive sampling times. Data pooled over all urine-N rates. 
Days NH4+ -N NO2- -N NO3- -N    Soil pH HNO2 H2O 
7  0.59* 0.45 NS -0.29 NS       0.65** 0.07 NS -0.13NS 
14  0.86** 0.64** -0.48 NS       0.79** 0.38 NS -0.15 NS 
21  0.97** 0.92**  0.18 NS       0.95** 0.86** -0.35 NS 
28  0.94** 0.57*  0.39 NS       0.89** 0.59*  0.19 NS 
35  0.90** 0.73**  0.49 NS       0.50 NS 0.85** -0.25 NS 
Pooled over time -0.06 NS 0.29*  0.59**     -0.13 NS 0.29* -0.17 NS 
NS = non-significant; *, ** = significant at P < 0.05 and P < 0.01, respectively. 
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  Table 6-3 The correlation coefficients (r) between NO-N flux pooled over all days, and 
various soil variables at different urine-N rate treatments.  
 NS = non-significant; *, ** = significant at P < 0.05 and P < 0.01, respectively. 
Treatment NH4+-N NO2- -N NO3- -N Soil pH HNO2 H2O 
Control   0.01NS   0.27 NS 0.26NS -0.18 NS -0.11 NS  0.02 NS 
250 kg N ha-1 -0.75** -0.01 NS 0.90** -0.76** -0.31 NS -0.24 NS 
500 kg N ha-1 -0.80** -0.56* 0.81** -0.75** 0.49 NS -0.09 NS 
750 kg N ha-1 -0.67** -0.62* 0.73** -0.59* -0.59 * -0.14 NS 
1000 kg N ha-1 -0.77**  0.21NS 0.85** -0.77**  0.09 NS  0.03 NS 
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 6.3.7.1 NO-N flux rate as a percentage of the net NH4+-N depletion rate for days 
19-25. 
The daily NO-N flux rates (µg NO-N g-1 soil h-1), as a percentage of the mean net NH4+-N 
depletion rates (µg NH4+-N g-1 soil h-1), were calculated for days 19-25, when a period of 
increasing NO-N fluxes occurred (Fig. 6.10). When these percentages were plotted against the 
urine-N rates the percentages increased exponentially over time (Fig. 6.13). The maximum 
percentage (1.15) was observed at the higher urine-N rate on day 25. When this percentage 
was plotted against the mean soil pH over time, the percentage declined exponentially (r2 > 
0.87) with increasing soil pH (Fig. 6.14). 
Similarly, when the NO-N flux rates, expressed as a percentage of the mean net NH4+-N 
depletion rate (µg NH4+-N g-1 soil h-1), were plotted against the mean soil H+ ion 
concentrations, linear relationships were observed at different urine-N rates (Fig. 6.15). 
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Figure 6.13 Daily NO-N flux rates as a percentage of mean net NH4+-N depletion rates at 
different urine-N rates (n = 3, error bars are ± the s.e.m). 
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Figure 6.14 Daily NO-N flux rates as a % of mean net NH4+-N depletion rate versus bulk 
soil pH for days 19-25. Numerals beside symbols are ‘day’ numbers. 
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Figure 6.15 Daily NO-N flux rates as a % of the mean net NH4+-N depletion rates versus 
soil [H+] calculated using bulk soil pH for days 19-25. Numerals beside symbols are ‘day’ 
numbers. 
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 6.3.8 N2O fluxes 
The mean N2O-N fluxes over the 35 day period for the control and different urine-N rates  0, 
250, 500, 750 and 1000 kg N ha-1 were 998, 1132, 1449, 2135 and 2667 µg N2O-N m-2 h-1 
respectively. As urine-N rates increased, N2O-N fluxes increased significantly (P < 0.05) (Fig. 
6.16).  By day 9, N2O-N fluxes from all treatments were zero and remained low until day 27 
when a small flux was observed in the 1000 kg N ha-1 treatment. For 7 out of the 11 sampling 
occasions, N2O fluxes were significantly affected by urine-N application rates. 
The maximum value for N2O fluxes (10134 µg N2O-N m-2 h-1) was observed at high urine-N 
rates with the low urine treatments showing proportionally low N2O fluxes. The interaction of 
both time and urine-N rates was significant on N2O-N fluxes over time (P < 0.05) (Fig. 6.17). 
The best relationships between the N2O-N fluxes and the other measured variables were 
observed on day 7 when N2O production was the highest (Table, 6-4). However, on pooled 
data at each individual urine-N treatment no such relationship was observed (Table, 6-5). 
Cumulative losses of N2O-N over 35 days, for the 250, 500, 750 and 1000 kg N ha-1 urine 
treatments were 1.95, 1.23, 0.96, and 0.92% of the urine-N applied and were several orders of 
magnitude greater than the NO-N fluxes (Fig. 6.18). Urine-N treatment significantly affected 
the cumulative losses of N2O-N over time (P < 0.01). Significantly higher N2O-N losses were 
observed at 250 kg N ha-1 compared to other urine-N rates (Fig. 6.18).  
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Figure 6.16 Fluxes of N2O-N (µg m-2h-1) from different urine-N treatments (n = 3 replicates 
and error bars are ± the s.e.m). 
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Figure 6.17 Mesh plot of mean N2O-N flux versus time and urine-N rates excluding 
control. 
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Figure 6.18 Cumulative N2O-N emitted as % of urine-N applied over time for the urine 
treated soils at different urine-N rates (n = 3 replicates and error bars are ± the s.e.m). 
 
 
Table 6-4 The correlation coefficients (r) between N2O-N flux and soil variables 
measured at destructive sampling times. Data pooled over all urine-N rates. 
Days NH4+-N NO3-
NS = non-significant; *, ** = significant at P < 0.05 and P < 0.01, respectively. 
-N NO2--N Soil pH HNO2 H2O 
7 0.71** 0.57* -0.60* -0.26 NS 0.47NS 0.12 NS 
14 0.07NS  0.11NS  0.16NS 0.13NS -0.18 NS -0.29 NS 
21  0.73** -0.24NS  0.84** 0.00 NS 0.11 NS -0.38 NS 
28     0.83**  0.34 NS   0.69** -0.33 NS 0.20NS -0.08 NS 
Pooled over all 
sampling dates 
 0.49** 0.38** -0.16 NS -0.06 NS -0.03 NS 0.00 NS 
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  Table 6-5 The correlation coefficients (r) between N2O-N flux pooled over all days, and 
various soil variables at different urine-N rate treatments. 
 NS = non-significant; *, ** = significant at P < 0.05 and P < 0.01, respectively. 
Treatment NH4+-N NO2- -N NO3- -N Soil pH HNO2- H2O 
Control 0.60* -0.45 NS 0.07NS -0.92** 0.95** 0.10 NS 
250 kg N ha-1 0.72** -0.34 NS -0.53 NS 0.81** -0.38 NS -0.05 NS 
500 kg N ha-1 0.73** 0.23 NS -0.47 NS 0.44 NS -0.35 NS 0.05 NS 
750 kg N ha-1 0.66* 0.14 NS -0.41NS -0.17 NS -0.26 NS 0.36 NS 
1000 kg N ha-1 0.67* -0.25 NS -0.39 NS -0.64 * 0.28NS 0.31 NS 
Pooled over all 
sampling dates 
0.49** -0.16 NS 0.38** -0.06 NS -0.03 NS 0.00 NS 
 
6.3.9 N2O-N: NO-N ratio 
Urine-N treatments showed no significant effect on the N2O-N: NO-N ratio (Fig. 6.19). The 
N2O-N: NO-N ratio was > 1 at day 7 in all urine treated soils however by day 14 the ratio was 
< 1 until the end of the experiment (Fig. 6.19). 
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        Figure 6.19  N2O-N: NO-N ratio at different urine-N rates over time. 
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 6.3.10 Soil WFPS 
Soil moisture content during the experiment did not change significantly over time and was 
unaffected by urine-N treatment (Fig. 6.20). 
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Figure 6.20 Soil WFPS (%) over time for the urine-N treatments (n = 3, error bars are ± the 
s.e.m). 
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 6.4 Regression analysis 
6.4.1 Prediction of NO-N fluxes 
Nitric oxide fluxes were used as dependent variables while measured or calculated soil 
parameters (NH4+-N, NO3--N, NO2--N, soil pH, HNO2) were used as independent variables to 
predict NO fluxes. Following the procedure used by Venterea & Rolston (2000a), NO flux 
data were log transformed, and subsequently termed log10NO-N. Significant correlations were 
observed between log10NO-N and measured soil variables but the significance of individual 
variables was not consistent over all the sampling times or treatments (Table, 6-6 & 6-7).  
Multiple regression results are shown in Tables, 6-8 & 6-9. Despite peak NO-N fluxes at day 
25 multiple regression analysis explained over 65% of the variability, with the best prediction 
on day 21 (r2 = 0.98) (Fig. 6.21a) when fluxes of NO-N were beginning to increase 
significantly prior to this peak on day 25. On each individual day, variables that explained the 
log10NO-N flux were not consistent over time. For example, on day 14, 21 and 35 soil NH4+-
N (P < 0.01) + HNO2 (P < 0.05), NH4+-N (P < 0.01) + NO3- -N (P < 0.05), and NH4+-N (P < 
0.01) + HNO2 (P < 0.01) were the major variables explaining the variation in the log10NO-N 
flux respectively (Table, 6-8). 
When multiple regression analyses were performed on a treatment basis with data pooled over 
time, regressions accounted for ≥ 76% of the variability in the data for the 250-1000 kg N ha-1 
treatment. The best prediction for NO-N fluxes occurred in the 750 kg N ha-1 treatment where 
all the measured soil variables i.e. NH4+-N (P < 0.01), NO3- -N (P < 0.01), NO2- -N (P < 0.05), 
HNO2 (P < 0.05) and soil pH (P < 0.05) significantly explained the variability in log10NO-N 
fluxes (Table, 6-9) (Fig. 6.21b). 
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Table 6-6 Correlation of log10NO-N and various soil variables at different urine-N rates. 
Treatments NH4+-N NO2- -N NO3- -N Soil pH HNO2 
250 kg N ha-1 -0.66** NS 0.85** NS NS 
500 kg N ha-1 -0.82** -0.68** 0.87** -0.71** NS 
750 kg N ha-1 -0.88** -0.64** 0.88** -0.80** -0.65** 
1000 kg N ha-1 -0.84** NS 0.91** -0.80** NS 
Pooled data NS 0.23* NS -0.86** NS 
NS = non-significant; *, ** = significant at P < 0.05 and P < 0.01, respectively. 
 
 
 
 
Table 6-7 Correlation of log10NO-N and various soil variables at different sampling 
times. 
Days NH4
+-N NO2- -N NO3- -N Soil pH HNO2 
7 0.67** NS NS 0.73** NS 
14 0.88** 0.64** NS 0.83** NS 
21 0.98** 0.88** NS 0.96** 0.81** 
28 0.89** NS 0.62* 0.88** 0.53* 
35 0.72** NS 0.88** NS NS 
NS = non-significant; *, ** = significant at P < 0.05 and P < 0.01, respectively. 
 
 
 
 
 Table 6-8 Results of multiple linear regression for log10NO-N (µg m-2h-1) of urine treated soils at individual sampling occasion  
across all urine treatments. 
 Days Multiple regression equation r2 P 
7 ][43.1242.0][018.0][0034.0][0002.0432.0log 223410 HNOsoilpHNONONHNNO    0.65 < 0.01 
14 ][22.2053.0][004.0][0002.0][00081.063.1log 223410 HNOsoilpHNONONHNNO    0.88 < 0.01 
21 ][721.0055.0][034.0][0009.0][00081.081.1log 223410 HNOsoilpHNONONHNNO    0.98 < 0.01 
28 ][84.0201.0][003.0][0014.0][0017.000.1log 223410 HNOsoilpHNONONHNNO    0.81 < 0.01 
35 ][62.5024.0][14.0][0093.0][0009.012.0log 223410 HNOsoilpHNONONHNNO    0.81 < 0.01 
 
 
 
 
 
 
 
 
 
 
Table 6-9 Results of multiple linear-regression for log10NO-N (µg m-2h-1) at different urine-N treatments. 
Treatment Multiple regression equation r2 P 
Control ][8.1313.1][56.1][0025.0][036.063.3log 223410 HNOsoilpHNONONHNNO    0.27 > 0.05 
250  kg N ha-1 ][2.7093.0][137.0][0049.0][0003.0996.0log 223410 HNOsoilpHNONONHNNO    0.76 < 0.01 
500  kg N ha-1 ][93.1416.0][062.0][0023.0][0013.022.0log 223410 HNOsoilpHNONONHNNO    0.78 < 0.01 
750 kg N ha-1 ][16.1715.0][022.0][0039.0][0018.061.1log 223410 HNOsoilpHNONONHNNO    0.85 < 0.01 
1000 kg N ha-1 ][97.156.0][069.0][0034.0][0015.067.4log 223410 HNOsoilpHNONONHNNO    0.78 < 0.01 
Pooled data ][97.0337.0][039.0][0053.0][0004.033.0log 223410 HNOsoilpHNONONHNNO    0.58 < 0.01 
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Figure 6.21 Best fit regression models developed at day 21 (a) and for the 750 kg N ha-1 (b) 
treatment during the experimental period (see Tables 6.8 and 6.9). 
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 6.4.2 Prediction of N2O-N fluxes  
When  regression analyses were performed for each urine-N treatment, the best prediction of 
the variability in the log10N2O-N fluxes was observed in the 250 kg N ha-1 treatment (r2 = 
0.84, P < 0.01). Soil pH was the major variable, explaining the variability at 250 kg N ha-1 
treatment (P < 0.01). Regression analyses for the other urine-N treatments were not 
significant (data not presented).  
When data were examined for each individual sampling day, the variability in log10N2O-N 
fluxes were best predicted on days 21 and 28 (r2 = 0.59, P < 0.05; r2 = 0.58, P < 0.05) 
respectively. Multiple regression analysis of the pooled data did not provide any significant 
explanation (13%) of the variation in log10N2O-N fluxes when data were pooled against 
several soil variables. 
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 6.5 Discussion 
6.5.1 Soil inorganic-N and pH dynamics 
Soil NH4+-N concentrations and ensuing rates of net NH4+-N depletion varied with urine-N 
rate for several reasons. Obviously as the urine-N rate increased so did the amount of N 
added, leading to the higher NH4+-N concentrations with increasing urine-N rate. What 
subsequently happened to this deposited urine-N depended on the subsequent soil chemistry 
and microbiology. As the urine-N rate increased it might be assumed that it took longer for 
the NH3, produced as a result of the enhanced soil pH and NH4+-N concentrations (section 
2.6), to dissipate either via reaction with the soil constituents or via volatilisation, since higher 
NH3 volatilisation losses generally occur with increasing amounts of urea or ammonium 
added to the soil all else being equal (Hargrove, 1988). High NH3 concentrations have been 
shown to result in substrate inhibition of nitrifiers, including Nitrosomonas (Stark & 
Firestone, 1996), and its potentially prolonged presence/and or higher concentrations at higher 
urine-N rates may have been one reason for the rates of net NH4+-N depletion declining with 
increasing urine-N rate, up until 750 kg N ha-1, and then actually diminishing at the 1000 kg 
N ha-1 rate (Fig. 6.6). For rapid nitrification to occur, the number of nitrifiers must be 
sufficient to cope with the sudden influx of substrate. Nitrifiers are known to be relatively 
slow growing with the doubling time reported to range from 8 hours to several days (Bock et 
al., 1986) so it is possible that there were not enough nitrifiers available to cope with the 
increasing N load but this doesn’t explain the diminished rate at 1000 kg N ha-1. The nitrifiers 
must also cope with the dynamic change in soil pH and soil osmotic changes that occur as 
result of urine deposition. Thus another possible reason for the diminished net NH4+-N 
depletion rate at 1000 kg N ha-1, when compared with the 750 kg N ha-1 treatment, may have 
been due to osmotic stress resulting from the other urinary constituents such as potassium. 
It is clear that not only was the net NH4+-N depletion rate slowed with increasing urine-
N rate but also the NO2--N oxidation rate (Fig. 6.3). The Nitrobacter facilitate the oxidation of 
NO2--N and these microbes are also known to be sensitive to NH3 (Anthonisen et al., 1976).  
Ammonia volatilisation is usually complete within 10 days under urine patches (Ryden, 1984; 
Sherlock & Goh, 1985) and in the field it would be complete within 35 days, the period of this 
study. Could inhibiting levels of NH3 still have been present at day 35? The answer is “no”, 
based on the soil pH values, which were too low (acidic) for any significant concentrations of 
NH3 to be present after day 28. Soil NO3--N concentrations had also started increasing by day 
21 in the ≥ 750 kg N ha-1 treatments indicating that Nitrobacter were functioning, albeit 
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 belatedly when compared to lower urine-N rates (Fig. 6.4). Thus a continuous inhibiting 
effect of NH3 on Nitrobacter wasn’t responsible for the prolonged elevated NO2--N 
concentrations in the 1000 kg N ha-1 treatment. But NH3 concentrations at the highest rates of 
urine-N may have led to a decline in Nitrobacter populations and these may not have fully 
recovered by day 35. Alternatively the higher and prolonged NO2--N concentrations may have 
occurred simply because the Nitrobacter populations were the rate limiting step and were 
insufficient in number to deal with the higher rates of NO2- created from the increasing urine-
N rates. 
Again it is noteworthy that the rate of net NO3--N accumulation actually declined as the 
net rate of NH4+-N depletion increased with only about 50% and 10% of the NH4+-N being 
transformed to NO3--N at 250 and 1000 kg N ha-1 respectively (Fig. 6.6). As discussed above 
in chapter 5 this suggests other N transformation pathways, not measured here (e.g. chemical 
fixation of ammonia, immobilisation, NH3 volatilisation, and N2 loss), accounted for the 
reduction in NO3--N at higher urine-N rates, and that these pathways increased with 
increasing N rate. 
Soil pH values decline due to H+ ions being released during the NH3 volatilisation 
(Sherlock & Goh, 1985) and nitrification processes (Wrage et al., 2001). Thus the variable 
rates of decline in soil pH from days 7 to 35 were a reflection of the rates of nitrification 
activity at the various urine-N rates. The higher the urine-N rate, the more prolonged and 
elevated the pH and the slower the nitrification rate as expressed by the high correlations with 
the soil NH4+ and NO2--N concentrations (section 6.5.2). 
6.5.2 Theoretical HNO2 and NO fluxes 
Contrary to expectations, the theoretical HNO2 concentrations in the control soil were 
unexpectedly higher than in the urine treated soils until day 28. But an examination of the soil 
NO2--N concentrations (≈ 1 g g-1 dry soil) and the soil pH (≈ ≤ 5) in the control treatment 
showed there was sufficient substrate and soil acidity for HNO2 generation. The delay in 
HNO2 formation until ca. day 21 in the urine treated soils, when HNO2 began to appear at the 
250 kg N ha-1 rate with a soil pH < 5.5, was due to the soil pH being too high (> ≈ 5.5) prior 
to this time. At higher urine-N rates the delay in HNO2 occurrence was further prolonged due 
to the slower rates of soil pH decrease. Thus the delay in HNO2 formation on days 28 and 35 
in the highest urine-N rate treatments (750 and 1000 kg N ha-1) was a function of declining 
NO2--N concentrations (750 kg N ha-1) and slower rates of pH decline. 
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 The concentrations of HNO2 were thus influenced by N rate. Chapter 4 showed that for a soil 
of initial pH 5.7 at 34% WFPS and 21oC, receiving 500 kg urine-N ha-1, the maximum HNO2 
concentrations were ≈ 30 ng g-1 dry soil, comparable with the mean maximum values 
recorded in chapter 5 for soil of pH 5.2, at 22oC and 36% WFPS. Concentrations of HNO2 
were higher in the current experiment for the 500 kg urine-N ha-1 treatment, possibly due to 
the use of the bulk soil pH in the HNO2 determination. 
Strong correlations between NO-N flux and the NH4+ -N, NO2- -N, soil pH, and HNO2 
between days 21 and 28 (Table, 6-2) were due to the fact that these variables were either; 
strongly correlated with pH (i.e. soil NH4+-N), substrates for HNO2 formation (i.e. NO2--N), 
measures of substrate availability for HNO2 formation (i.e. soil pH as a measure of H+) or a 
direct calculation of HNO2 which is again a preliminary substrate for NO formation. These 
correlations suggest that HNO2 dissociation was a dominate mechanism for the production of 
NO-N. 
Peak NO-N fluxes occurred on day 25 and the respective values of bulk soil pH, NO2--
N, HNO2-N and urine-N rate at this time are shown in Table 6-10, where it can be seen that 
the theoretical HNO2-N values are four-fold higher at the lowest rate of urine-N applied when 
compared with the 1000 kg N ha-1 treatment (Table, 6-10). However, NO-N fluxes increased 
with increasing urine-N rate.  
Table 6-10 Mean soil variables used in the calculation of HNO2, including the calculated 
theoretical HNO2 value, for day 25. 
Urine-N rate Bulk soil pH 
NO2--N 
(g g-1 dry soil) 
HNO2-N(1) 
(ng g-1 dry soil) 
250 kg N ha-1 4.9 1.0 25 
500 kg N ha-1 5.1 1.0 16 
750 kg N ha-1 5.9 1.6 5 
1000 kg N ha-1 6.1 4.0 6 
                        (1)Calculated with pka = 3.3 
 
In the theoretical calculation of HNO2-N the assumption is made that all the NO2--N is 
available for HNO2 formation and that there is no competition for it from other N 
transformation processes (e.g. nitrification and denitrification). One immediate source of 
competition in the current study is from the nitrifiers, in particularly the NO2--N oxidisers. In 
Figure 6.6, it can be seen that the rate of net NO3--N accumulation decreased by a factor of 
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 four-fold as the urine-N rate increased from 250 to 1000 kg N ha-1. Thus one possible reason 
for the lower NO-N flux at the 250 kg N ha-1 urine-N rate, despite the higher theoretical 
HNO2 concentration, was competition for the NO2--N pool from NO2--N oxidisers thus 
decreasing the NO2--N available for the formation of HNO2. 
The peak NO-N flux rate on day 25, for the 1000 kg N ha-1 treatment (850 g NO-N m-2 
h-1) equated to 10.4 ng NO-N g-1 soil h-1. One mole of NO2--N reacts with 1 mole of H+ to 
produce 1 mole of HNO2, and 3 moles of HNO2 are required to produce 2 moles of NO (Van 
Cleemput & Baert, 1976). Thus 15.6 ng HNO2-N g-1 soil h-1 would be required to produce the 
NO-N, if it all originated abiotically via HNO2 dispproportionation. The average net NO3--N 
accumulation rate in the 1000 kg N ha-1 treatment was 78 ng NO3--N g-1 soil h-1. Thus 
assuming only the simultaneous production of HNO2 and NO3--N from the NO2--N pool, the 
minimum rate at which the NO2--N pool was turning over was 94 ng NO2--N g-1 soil h-1. This 
represents 2.3% of the relatively constant NO2--N pool (g g-1 dry soil) being turned over 
every hour ( 4.1 g NO2--N g-1 dry soil) while the HNO2 formation rate equated to 21% of 
the net NO3--N accumulation rate. 
Determining these variables for the other treatments, while making the same 
assumptions, resulted in significant relationships being developed (Fig. 6.22). Firstly, as the 
urine-N rate increased, the rate at which the NO2--N pool turned over decreased (as assessed 
from the net NO3--N accumulation rate and NO-N fluxes, Fig.6.6). Secondly, as the urine-N 
rate increased, the HNO2 flux (calculated as the amount of HNO2-N required for the measured 
NO-N flux) increased as a percentage of the net NO3--N accumulation rate (Fig. 6.22). In 
other words, the rate of NO2--N oxidation by Nitrobacter declined with increasing urine-N 
rate, reducing the competition for the NO2--N pool. The inhibition experienced by the 
nitrifiers did not affect the chemical formation of HNO2 and so the potential for actual HNO2 
formation increased with the net result an increase in the NO-N flux with increasing urine-N 
rate.  
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Figure 6.22 The relationship between urine-N rates versus mean NO-N flux expressed 
either as the % of the NO2- -N     pool being turned over per hour  or as the % of the net NO3- 
-N accumulation rate    . 
 
 
When the NO-N flux was expressed as a percentage of the net NH4+-N depletion rate 
for day 25 (Fig. 6-13) the percentage increased with increasing urine-N rate. Again this is 
consistent with the hypothesis outlined above: as urine-N rate increased, the nitrification rate 
decreased for both NH4+-N and NO2--N pools, but the relatively small NO2--N pool was 
sufficiently large and bigger at higher urine-N rates, to fuel HNO2 induced NO-N formation. 
Thus as the urine-N rate increased so did the NO-N flux expressed as a percentage of the net 
NH4+-N depletion rate. 
The above discussion pertains to day 25 but similar trends could be determined for days 
19-25, the period when NO-N fluxes were increasing, as indeed they were for the NO-N flux 
expressed as a percentage of the net NH4+-N depletion rate (Fig. 6.13-6.15). During the period 
of NO-N flux increase (days 19-25) the soil pH was decreasing as time progressed, at all 
urine-N rates. But the rate of pH decrease was faster at the lower urine-N rate, due to less 
inhibition of nitrification. This built up soil acidity, however, the ability for HNO2-N to form 
was limited at the lower urine-N rates due to greater competition and the NO2--N substrate 
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 being further nitrified to NO3--N. This is why the NO-N flux expressed as a function of the 
net NH4+-N depletion rate was higher at the higher urine-N rates (Fig 6.14-6.15). 
Of course the above discussion assumes that despite the slower nitrification rate at the 
higher urine-N rate there is still sufficient H+ produced to permit the formation of HNO2. This 
will also be dependent on where in the soil the NO2- and H+ were formed in relation to one 
another and where the site for the HNO2 dissociation occurred (see chapter 5 discussion 
above). Another compounding factor in determining soil pH effects is that as urine-N rates 
increase other cations also increase in soil solution, such as potassium (K+) which is a 
dominant cation in bovine urine. This will cause a new equilibrium to be produced between 
the additional cations and the existing H+ ions with the net result being that more of the H+ 
ions may be in solution, further enhancing the potential for NO2--N to form HNO2. 
Cumulative NO-N fluxes as a percentage of urine-N applied were higher at the lower N 
rate due to the longer period of suitable soil acidity required for HNO2 formation. However 
they were an order of magnitude higher than previously recorded in chapter 4 and 5 for 
similar rates of N, WFPS, soil temperature and initial soil pH. The reason for this is not 
immediately obvious. 
6.5.3 N2O-N fluxes and N2O: NO-N ratios. 
The peaks in N2O production that occurred on days 2 and 7 were possibly a response to the 
water misted onto the soil cores in order to maintain the set WFPS, with high fluxes initially 
sustained while soil C was available and then the lack of C preventing further N2O 
production. Alternatively, these fluxes might have been a consequence of nitrification, but the 
very high peak fluxes and the fact these N2O peaks were not prolonged over the nitrification 
period suggest this was not a pathway for N2O production. Further supporting denitrification 
as a causal mechanism is the strong correlation with NO3- and NO2- on day 7 (Table 6-4). 
Chemodenitrification as a reason for the N2O formation does not appear to be valid since 
HNO2 did not correlate with N2O production. From day 9 onwards N2O production was 
negligible, presumably because soil moisture was too low. The low fluxes after this time, 
explain why, cumulative N2O-N fluxes plateaued after day 9 and why the N2O-N: NO-N ratio 
proceeded to become < 1. As a percentage of the urine-N applied it was noteworthy to see that 
the cumulative N2O-N flux decreased with increasing urine-N rate, and since the nitrification 
rate was impeded at higher urine-N rate it is compelling to suggest that this might have been 
the result of varying rates of nitrification, but as noted above nitrification would not seem a 
likely candidate for the high N2O pulses observed. These cumulative N2O fluxes are 
comparable with the results found in the earlier chapters in terms of magnitude. 
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 6.6 Conclusions 
Urine-N application rate affected NO-N emissions from the soil maintained at 34% WFPS 
and 22oC. This occurred due to increased rates of urine-N progressively limiting soil 
nitrification as evidenced by decreasing rates of net NH4+-N depletion, net NO3--N 
accumulation and soil pH decline, as the urine-N rates increased. The inhibition of 
nitrification led to enhanced NO2--N concentrations and reduced competition for the NO2--N 
as urine-N rates increased   Thus as the soil pH became favourable for HNO2 formation, 
which was shown to be  5.5 in the  500 kg N ha-1 treatment in chapter 5 and again in this 
chapter, the flux of NO-N increased with increasing urine-N rate. As the urine-N rate 
increased, the bulk soil pH at where NO-N fluxes began to increase also increased. The soil 
pH when HNO2 formation occurred at 1000 kg N ha-1 was high (≈ 6.1). It is speculated that 
this is due to the distribution of H+ in the soil varying as a consequence of other urinary 
constituents such as K+ competing for cation exchange sites and possible elevating the 
solution H+ concentration. 
The cumulative NO-N fluxes varied with urine-N application rate, and despite the NO-N 
flux rates being higher in the highest rates of urine-N applied, the cumulative flux as a 
percentage of the urine-N applied was greater at the lowest urine-N rate applied because the 
soil pH was suitable for HNO2 formation for a longer period of time. 
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   Chapter 7 
In situ determination of NO and N2O from cow-
urine applied to a pasture soil under summer 
conditions 
7.1 Experimental Rationale 
The majority of studies on NOx gas emissions have focused on fertilizer applications and 
relatively few studies have examined NOx emissions from animal urine affected soil (section 
2.5). Of these none have examined urine-N rates and/or seasonal effects on urine-N NOx 
fluxes. There are no in situ studies in New Zealand temperate pastures that have examined the 
potential for NOx emissions from bovine urine. Both biotic and abiotic processes are involved 
in the production and emission of these nitrogenous gases and both soil physical and chemical 
factors affect these gas flux processes (section 2.7). Many of the studies that have examined 
NOx gas emissions from urine have used relatively low rates of N, in the context of New 
Zealand dairy production systems, or concentrated on soils with high moisture contents where 
NOx gas emissions might be expected to be low. 
The main objectives of this experiment were 
 To obtain the first NOx emission data from pastures under two rates of simulated bovine 
urine patches for New Zealand summer conditions. 
 To examine the relationships between NO and N2O fluxes and between NO fluxes and 
the measured soil variables from urine treated soil.   
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 7.2 Materials and Methods 
7.2.1 Field experimental design and treatments  
The experimental site was situated on a previously grazed sheep pasture at Lincoln 
University. The soil was a Templeton silt loam soil  ‘Pallic typic soil New Zealand Soil 
Classification’ (Hewitt, 1998) with a pasture sward of perennial rye grass (Lolium perenne 
L.),  and clover (Trifolium repens). Soil physical and chemical characteristics are presented in 
(Table, 3.1, section 3.8). The site was fenced off one month prior to the commencement of the 
experiment to avoid the presence of fresh urine patches and to allow any pre-existing urine 
patches to be avoided. Urine was collected from Friesian cows at the Lincoln Dairy Farm on 
11th January 2006 which had been grazing perennial rye grass/white clover pasture. The 
urinary-N concentration was 10.5 g N L-1. The cow urine was then applied to experimental 
plots, the same day as it was collected, using a watering can to ensure even distribution within 
the plot (Plate. 7.1). Experimental plots were either gas chamber plots (0.029 m2) or soil 
sampling plots (0.16 m2). The experimental design consisted of three treatments replicated 3 
times. Treatments were: 
(a) Control plot without urine but with equal volumes (1700 mL) of deionised water applied.  
(b) Urine applied at 543 kg N ha-1 (conservative rate of urine application) with a volume of 
850 mL urine + 850 mL of deionised water. Out of this total (1700 mL volume), 300 mL was 
applied to gas chamber plots (0.029 m2) while 1400 mL was applied to the surrounding of the 
gas chamber plots (0.13 m2) to cover the total ring area as shown in Plate 7.1. 
(c) Urine applied at 1086 kg N ha-1 (high rate of urine application) with a volume of 1700 mL 
of pure urine split into two volumes of 300 mL applied to gas chamber plots (0.029 m2) and 
1400 mL to the surrounding of the gas chamber plots (0.13 m2). 
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Plate 7.1 Experimental site used for both summer and winter experiments. 
7.2.2 Soil sampling and analyses 
Plots adjacent to the headspace chamber plots were set up, with equivalent treatments, for soil 
sampling. Soil measurements taken over time included soil surface pH (section 3.6.1), soil 
moisture (section 3.6.3) and soil inorganic-N (section 3.6.2). The soil NH4+-N and NO3--N 
concentrations were measured over a depth of 0 – 7.5 cm but the soil NO2--N concentration 
was determined for 3 soil depths of 0-2.5, 2.5-5.0 and 5.0-7.5 cm. 
7.2.3 N2O and NO Sampling and analyses 
Nitrous oxide and NOx sampling and respective flux determinations were performed as 
described above (section. 3.3- 3.5). In the field NOx measurements were taken daily for 0-7 
days and then on days 9, 10, 16,19, 22, 32, 36, 38, 48, 62, 64, 68, and 72 while, N2O flux 
measurements were taken on days 0, 1, 2, 3, 4, 5, 6, 8, 9, 12,16, 18, 31, 35, 37, 47, 61, 63, 67, 
and 71. On each sampling day flux measurements of NO and N2O were taken between 12:00 
and 15:00 h by placing the Teflon coated chamber on the previously inserted PVC rings (19.5 
cm2 internal diameter, 298.49 cm2) in each plot (section 3.3 - 3.5).  
 
 
 
 
 171
 7.2.4 Meteorological data and soil temperature 
Rainfall data and soil temperature were recorded as previously mentioned (section 3.6.4). 
7.2.5 Statistical analyses 
All statistical analyses were performed using Minitab (V15). A repeated measure 
ANOVA was performed to test for the differences of means at the 0.05 level of significance. 
When data did not follow a normal distribution they were log10(value + 1) transformed prior 
to analysis. Pearson correlation and multiple linear regression analyses were also performed. 
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 7.3 Results  
7.3.1 Soil NH4+-N concentrations 
In the control treatment the soil NH4+-N concentrations ranged from 0.0 to 4.5 µg g-1 dry soil 
(Fig. 7.1). The highest soil NH4+-N concentrations were recorded in the 1000 kg N ha-1 
treatment (393 µg g-1 dry soil) at day 0 (Fig. 7.1). Similarly, in the 500 kg N ha-1 the 
maximum concentration of soil NH4+-N concentrations also occurred on day 0 (149 µg g-1 dry 
soil). The soil NH4+-N concentrations were higher (P < 0.05) in the urine treatments than in 
the control until day 36 when the 500 kg N ha-1 had comparable concentrations to the control 
treatment. In the 1000 kg N ha-1 treatment the soil NH4+-N concentrations did not decline to 
those of the control treatment until day 62. On day 74 soil NH4+-N concentrations were still 
elevated at 1000 kg N ha-1 when compared to  the 500 kg N ha-1 and control (Fig. 7.1). 
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Figure 7.1 Soil NH4+-N concentrations over time (n = 3, error bars are ± s.e.m.) 
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7.3.2 Soil NO2--N concentrations 
The soil NO2--N concentration at 0-2.5 cm depth showed few significant differences due to 
treatments (Fig. 7.2a). Only on days 1, 3 and 60 were the soil NO2--N concentrations in the 
1000 kg N ha-1 treatment significantly greater than the 500 and the control treatments. At this 
depth maximum mean soil NO2--N concentrations occurred in the control treatment (3.7 µg g-
1 dry soil) at day 37 and in  the 500 kg N ha-1  and 1000 kg N ha-1 treatments at day 73 (3.1 
and 3.1 µg g-1 dry soil respectively).  
At 2.5-5.0 cm depth there were occasional differences in NO2--N concentrations due to 
treatment, for example, on day 2, 5 and 37 the 1000 kg N ha-1 treatment had higher NO2- -N 
concentrations than the 500 kg N ha-1 treatment and the control treatments (Fig. 7.2b). 
Maximum mean soil NO2- -N concentrations of 3.3-3.5 µg g-1 dry soil were observed in the 
500 and 1000 kg N ha-1 treatments on day 67 and 2 respectively. 
In the 5.0 to 7.5 cm depth there were also occasional differences in NO2--N concentrations 
due to treatment for example on day 2, 5 and 37 the 1000 kg N ha-1 treatment had a higher 
NO2- -N concentration than the 500 kg N ha-1 the control treatments (Fig. 7.2c). Maximum 
mean soil NO2- -N concentrations of 2.9, 2.9 and 3.5 µg g-1 dry soils were observed in the 
1000, 500 kg N ha-1 and control treatments on day 2, 67 and 24 respectively. 
When data from the 3 soil depths were pooled the soil NO2--N concentrations were negatively 
correlated with soil pH (r = -0.22, P < 0.01).  
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Figure 7.2 Soil NO2--N concentrations over time at 3 depths in the summer field 
experiment (a) 0.0-2.5 cm (b) 2.5-5.0 cm, (c) 5.0-7.5 cm (n = 3, error bars are ±  s.e.m.). 
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 7.3.3 Soil NO3--N concentrations 
Urine-N rate significantly affected NO3- -N concentrations (P < 0.01). The NO3--N 
concentrations in the control treatment were ≤ 4 µg NO3--N g-1 dry soil (Fig. 7.3). In the urine 
maximum mean NO3- -N concentrations (154 µg g-1 dry soil) were observed in the 1000 kg N 
ha-1 treatment. After 2 days the soil NO3- -N concentrations from urine treated soils were 
significantly higher than the control treatment until day 60, when the 500 kg N ha-1 had 
comparable NO3- -N concentrations to the control treatment. In the 1000 kg N ha-1 treatment 
the soil NO3--N concentrations did not decline to the level of the control treatment.  The soil 
NH4+-N concentrations were correlated with soil NO3--N (r = 0.15, P ≤ 0.05) but no 
correlation was observed with soil NO2- -N concentrations. 
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Figure 7.3 Soil NO3--N concentrations over time (n = 3, error bars are ± s.e.m.). 
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 7.3.4 Net NH4+-N depletion rates 
The average net NH4+-N depletion rates were calculated by regression of NH4+-N 
concentrations versus time, as discussed (section 4.3.4). There was a 1.8 fold increase (P < 
0.01) in the depletion rate at 1000 kg N ha-1 compared to the 500 kg N ha-1 treatment (Fig. 
7.4). 
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Figure 7.4 Average net NH4+-N depletion rate (ng g-1 soil h-1) in urine affected soil (n = 
60, number of samples used for each urine-N rate calculation). 
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 7.3.5 Soil ammonium: nitrate ratio 
Urine-N treatment significantly affected the NH4+-N: NO3--N ratios (P < 0.01) (Fig. 7.5). 
Initially maximum mean NH4+-N: NO3--N ratios were observed at the high urine-N rate 1000 
kg N ha-1. After day 60 and onwards significantly higher NH4+-N: NO3--N ratios were 
observed in the control treatment compared to urine-N treated soils. The NH4+-N: NO3- -N 
ratios correlated negatively with time (r = -0.30, P < 0.01) and urine-N treatments (r = -0.22, 
P < 0.01). The interaction of both time and urine-N treatment on the NH4+-N: NO3- -N ratio 
was also significant (P < 0.01). 
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Figure 7.5 Soil NH4+-N: NO3--N ratios over time for the control and the urine treated soils 
(n = 3, error bars are ± the s.e.m.) 
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 7.3.6 Soil surface pH 
After cow urine application the soil surface pH increased rapidly in both urine treated plots 
and reached a maximum of 8.6 in the 1000 kg N ha-1 treatment on day 2 (Fig. 7.6). There were 
no significant differences in the surface soil pH values, between the 500 and 1000 kg N ha-1 
treatments. The urine-treated plots had higher soil pH values than the control treatment. After 
day 2, the soil surface pH decreased gradually in the urine treated plots until day 8 where the 
differences between the urine and control treatments were much smaller but still significant. 
By day 61 no such differences were observed between the urine treated plots and the control 
(Fig. 7.9). Surface soil pH was significantly correlated with NH4+-N (r = 0.55, P < 0.01), NO2- 
-N (r = -0.59, P < 0.01), HNO2 (r = -0.16, P < 0.01), NO3- -N (r = -0.15, P < 0.01), WFPS (r = 
0.60, P < 0.01), NH4+-N: NO3- -N (r = 0.56, P < 0.01), ∆NH4+ (r = -0.21, P < 0.01), and the 
∆NO3- (r = 0.17, P < 0.01). The latter two variables are defined in section 7.4.1. 
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Figure 7.6 Soil pH over time following urine application (n = 3, error bars are ± the 
s.e.m.). 
 
The bulk soil pH prior to urine application over a depth of 0-7.5 cm was 6.0. The bulk soil pH 
was also measured at 3 depths (0.0- 2.5cm, 2.5-5.0 cm and 5.0-7.5 cm). At 0.0-2.5 cm depth 
there were irregular differences in soil pH values due to treatment for example on day 0, 1, 2 
and 35 the 1000 kg N ha-1 treatment had higher soil pH values than the 500 kg N ha-1 
treatment and the control treatments (Fig. 7.7a). However, when the data were pooled, 
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 treatments showed a significant effect on soil pH values (P < 0.01). A maximum mean soil pH 
value of 5.5 was observed in the 1000 kg N ha-1 treatment (Table, 7-1) over the course of the 
experiment. 
In the 2.5-5.0 cm soil depth a maximum mean soil pH value (4.9) was also observed at 1000 
kg N ha-1 (Fig. 7.7b). However, no significant differences were observed between treatments 
at any individual day.  
In the 5.0-7.5 cm soil depth the maximum mean soil pH values (4.8) again occurred in the 
high urine-N rate treatment (1000 kg N ha-1; Fig. 7.7c). 
 
 
Table 7-1 Mean and S.E.M of soil pH at 3 different depths. 
Treatments Depth Mean SEM 
Control 0.0-2.5 cm 5.1 0.05 
 2.5-5.0 cm 4.7 0.03 
 5.0-7.5 cm 4.7 0.03 
500 kg N ha-1 0.0-2.5 cm 5.1 0.05 
 2.5-5.0 cm 4.7 0.03 
 5.0-7.5 cm 4.6 0.03 
1000 kg N ha-1 0.0-2.5 cm 5.5 0.09 
 2.5-5.0 cm 4.9 0.05 
 5.0-7.5 cm 4.8 0.04 
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Figure 7.7 Soil pH at 3 depths over time following urine application (a) 0.0-2.5 cm (b) 
2.5-5.0 cm and (c) 5.0-7.5 cm (n = 3, error bars are ± the s.e.m.). 
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 7.3.7  Theoretical HNO2 concentrations 
Urine-N treatments had no significant effect on theoretical HNO2 concentrations when 
calculated at each soil depth, (Fig. 7.8; Table, 7-2). When the data were pooled for all three 
depths, the HNO2 concentrations were correlated positively with NO2- -N (r = 0.83, P < 0.01) 
but negatively with soil pH (r = -0.31, P < 0.01), and WFPS (r = -0.17, P < 0.01). 
 
 
 
 
Table 7-2 Mean HNO2 concentrations at 3 soil depths. 
Treatments Depth Mean (ng g-1 dry soil) SEM 
Control 0.0-2.5 cm 23 4.4 
 2.5-5.0 cm 46 7.0 
 5.0-7.5 cm 54 7.1 
500  kg N ha-1 0.0-2.5 cm 25 4.5 
 2.5-5.0 cm 46 10.2 
 5.0-7.5 cm 52 8.2 
1000  kg N ha-1 0.0-2.5 cm 19 4.4 
 2.5-5.0 cm 36 5.6 
 5.0-7.5 cm 46 8.2 
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Figure 7.8 Calculated HNO2 concentration in the control and urine treated soil at 3 soil 
depths (n = 3, error bars are ± the s.e.m). 
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 7.3.8 Rainfall and Water Filled Pore Space (WFPS)  
Rainfall occurred over the course of the experiment with the most significant rainfall on day 2 
after urine application (28 mm). Apart from this rainfall, the rainfall on the other days ranged 
from 0.2-14 mm (Fig.  7.9). 
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Figure 7.9 Rainfall over the experimental period. 
 
The WFPS ranged from 17.5-35.6% (Fig. 7.10). The maximum mean WFPS was observed on 
day 1 just after urine application. Subsequent increases in WFPS occurred as a consequence 
of rain fall events. No significant differences in WFPS were observed between treatments 
during the experimental period. 
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Figure 7.10 Water-filled pore space over time (n = 3, error bars are ± the s.e.m.). 
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 7.3.9 Soil temperature 
Mean soil temperatures at 7 cm depth ranged from 14 to 30oC during the course of the 
experiment (Fig. 7.11). No significant treatment differences were observed during the 
experimental period. 
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Figure 7.11 Soil temperature during summer field experiment at 7 cm depth. 
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7.3.10 NOx fluxes 
The only gas detected was NO there was no NO2 emitted into the chamber atmosphere. 
Hereafter, the results and discussion relating to NOx are confined to NO-N. Fluxes of NO-N 
varied over time and with rate of urine application (Fig. 7.12). The 1000 kg N ha-1 treatment 
had higher NO-N fluxes than the control on almost all sampling days, exceptions being on 
day 3 and day 62. In the 500 kg N ha-1 treatment the NO-N fluxes exceeded those of the 
control treatment until day 62 with the exception of days 3 and 36 when they were 
comparable to the control NO-N fluxes. Fluxes of NO-N were only higher in the 1000 kg N 
ha-1 treatment, compared to the 500 kg N ha-1, on day 16.  
NO-N fluxes were positively correlated with surface soil pH (r = 0.35, P < 0.01), NO3- -N (r = 
-0.20, P < 0.01), NH4+-N concentrations (r = 0.48, P < 0.01), ∆NH4+ (r = -0.21, P < 0.01), and 
∆NO3- (r = -0.18, P < 0.05). 
Cumulative NO-N losses for the 500 and 1000 kg N ha-1 treatments were 0.15 and 0.20% of 
the applied N respectively. 
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Figure 7.12 NO-N fluxes over time following urine treatment application (n = 3, error bars 
± s.e.m.). 
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 7.3.11 N2O fluxes 
 Urine treatment significantly affected the N2O fluxes over time (Fig. 7.13) with N2O fluxes 
increasing 2 days after urine application. Only on day 1 did the control treatment emit more 
N2O than the urine treatments. At 1000 kg N ha-1 mean N2O fluxes reached a maximum of 
508 µg N2O-N m-2 h-1 on day 2 but decreased thereafter with fluxes approaching those of the 
control by day 12. After this time episodic fluxes from the 1000 kg N ha-1 treatment were 
observed later on in the range of 37 to 222 µg N2O-N m-2 h-1 but they did not reach the level 
of the control treatment until the end of the experiment. On all days except at day 1 the N2O-
N fluxes at 1000 kg N ha-1 treatment were significantly higher than the control treatment. 
Similarly, fluxes from the 500 kg N ha-1 were also significantly higher than the control except 
at day 12 and 71 when comparable N2O-N fluxes from control treatment occurred. The 1000 
and 500 kg N ha-1 treatments had no differences in N2O-N fluxes on the following days 3, 4, 
9, 18, 35, 37, 47, 61, 67. At all other times the 1000 kg N ha-1 treatment had higher fluxes. 
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Figure 7.13 Soil N2O-N fluxes over time following urine treatment application (n = 3, error 
bars ± s.e.m.). 
 
When the N2O-N flux data from all the sampling dates were pooled N2O-N fluxes were 
significantly correlated with the surface soil pH (r = 0.20, P < 0.01), and NH4+-N 
concentrations (r = 0.17, P < 0.01). Cumulative N2O-N losses were 0.16% and 0.14% of the 
urine-N applied for the 1000 kg N ha-1 and 500 kg N ha-1 treatments respectively. 
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 7.3.12 N2O-N: NO-N ratio 
There were no significant effects of urine-N treatments on the N2O-N: NO-N ratios (Fig. 
7.14). The N2O-N: NO-N ratios were significantly higher in the 500 kg N ha-1 treatment than 
the control and 1000 kg N ha-1 on day 0. At day 1 no significant differences were observed 
between the treatments when 28 mm of rainfall was recorded.  On day 2 the N2O-N: NO-N 
ratio was >130 in the high urine-treated plots (Fig. 7.15). After day 4 no significant 
differences were observed between the treatments with the ratio < 5 for the duration of the 
experiment (Fig. 7.15). The N2O-N: NO-N ratios were significantly correlated with the 
surface soil pH (r = 0.35, P < 0.01), bulk NO2--N (r = 0.20, P < 0.01), WFPS (r =0.31, P < 
0.01), ∆NH4+ (r = 0.33, P < 0.01), and ∆NO3- (r = 0.18, P < 0.05). 
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Figure 7.14 Soil N2O-N: NO-N ratio over time following treatment application (n = 3, error 
bars ± s.e.m.). 
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 7.4 Regression analysis 
7.4.1 Prediction of NO-N fluxes 
As above, the NO-N fluxes were used as dependant variables while measured and calculated 
soil parameters were used as independent soil parameters. Since the field experiment had 
more frequent sampling of inorganic-N data than in the laboratory experiments it was decided 
that, rather than use the gross average value of apparent net NH4+-N depletion rate (from day 
0 to 60) the apparent net NH4+-N depletion rates would be determined for the period between 
two adjacent soil sampling events. Where the change in soil NH4+-N concentration was 
divided by the change in time to obtain the net NH4+-N depletion rate (ΔNH4+-N). The period 
immediately prior to the gas sampling event was then assigned to the gas sampling event 
itself. The apparent net NO3--N accumulation rate was also determined in the same way 
(ΔNO3--N). In contrast to the earlier experimental chapters, rather than use the gross value of 
soil NO2--N over the 0-7.5 cm depth, values particular to either the 0-2.5, 2.5 to 5.0 or 5.0 -7.5 
cm depth were used, as were the soil pH values and theoretical HNO2 concentrations for these 
depths. Again, using the procedure of Venterea & Rolston (2000a), NO flux data were log 
transformed.  Then multiple regression analyses were performed in an attempt to explain the 
variability in the logNO-N fluxes from the 1000, 500 kg N ha-1 treatments and the control.  
 
When logNO-N flux data were pooled over all treatments, and used to predict the logNO-N 
flux, the regressions were significant at all three depths but the regression fits were poor 
(Table 7-3). In the pooled data set the only variables contributing significantly to the 
regressions were treatment and soil temperature, over all three depths, and the ΔNH4+-N 
depletion in the 0-2.5 cm depth (Table 7-4). 
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Table 7-3 Results of multiple regression analysis of logNO-N flux versus soil variables. 
Treatment Depth (cm) r2 P value 
Data pooled over all treatments 0-2.5 16.7 <0.01 
 2.5-5.0 15.5 <0.01 
 5.0-7.5 16.5 <0.01 
    
1000 kg N ha-1 0-2.5 61.5 <0.01 
 2.5-5.0 54.6 <0.01 
 5.0-7.5 54.2 <0.01 
    
500 kg N ha-1 0-2.5 19.4 0.33 
 2.5-5.0 13.5 0.66 
 5.0-7.5 14.9 0.58 
    
Control 0-2.5 44.5 <0.01 
 2.5-5.0 50.2 <0.01 
 5.0-7.5 55.0 <0.01 
 
When multiple regression analysis was applied to just the 1000 kg N ha-1 treatment, the best 
prediction of the logNO-N flux was achieved using the data from the 0-2.5 cm depth (r2 = 
61.5% ; Fig. 7.15). This decreased to 54.2% at 5.0 -7.5 cm with all multiple regressions 
significant (Table 7-4). The variables responsible for the good prediction of the log10NO-N 
flux, at this urine-N rate (1000 kg N ha-1), in all three depths were the Δ NH4+-N and the 
WFPS (Table 7-4), while soil surface pH and soil pH at given depth were significant for the 0 
-2.5 and 2.5-5.0 cm depths, and NO2--N was also significant in the 0-2.5 cm depth (Table 7-
4). 
Applying the same procedures to the 500 kg N ha-1 data set resulted in no significant 
explanation of the variability with poor fits between the predicted and actual measured data 
(Table 7-4; Fig. 7.16). In the control treatment multiple regressions were significant, and 
explained 50 to 55% of the variability in log10NO-N fluxes (Fig. 7.17). The dominant 
variables were surface pH, NO2--N, pH at depth 5.0-7.5 cm, surface soil pH, ΔNO3--N, and 
the theoretical HNO2 concentration (Table 7-4). 
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 Attempts to use multiple regression equations, determined in the previous lab studies, 
resulted in poor regression fits, when the regression equations from Table 6.8 were used to 
predict the logNO-N fluxes in the current field study. Taking the equation for day 21, which 
was developed using data from several urine-N rates, (Table 6.8) and attempting to predict the 
fluxes for the 1000 kg N ha-1 treatment resulted in only 10% of the variability being explained 
(P < 0.01). While using the multiple regression equations for the 1000 and 500 kg N ha-1 
treatments from Table 6.8, and using these to predict the logNO-N fluxes in the current 
experiment, resulted in < 8% of the variability being explained. The multiple regression 
equations from chapter 5 that were developed at either 36% WFPS, using a range of soil 
temperatures, or at 22oC using a range of WFPS were used to try and predict the  
500 kg N ha-1 treatment but the explained variability was low (r2 < 5%). 
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Figure 7.15 Measured and predicted log10NO-N flux over time at 1000 kg urine-N ha-1 and 
the NO-N predicted fluxes determined from varying soil depth data. (n = 3, error bars ± 
s.e.m.). 
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Figure 7.16 Measured and predicted log10NO-N flux over time at 500 kg urine-N ha-1 and 
the NO-N predicted fluxes determined from varying soil depth data. (n = 3, error bars ± 
s.e.m.). 
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Figure 7.17 Measured and predicted log10NO-N fluxes over time at the control treatment 
and the NO-N predicted fluxes determined from varying soil depth data. (n = 3, error bars ± 
s.e.m.). 
 
 
 
  
Table 7-4 Regression coefficients determined from predicting logNO-N fluxes with multiple regression analyse. Coefficients in bold 
were statistically significant. 
Treatment Depth Constant Treatment NO2
--Na 
(g g-1) 
pHb 
 
NH4+-N 
(g g-1) 
NO3--N 
(g g-1) 
surface 
pH 
Temp 
(oC)c 
WFPS 
(%) 
HNO2 
(ng g-1) ΔNH4
+-N ΔNO3--N 
Pooled 
data 
0-2.5 0.240 0.001** -0.119 0.049 -0.002 0.002 0.032 0.038* -0.018 -0.010 -0.072* -0.058 
 2.5-5.0 0.518 0.001* -0.002 -1.055 -0.001 0.003 0.102 0.036* -0.017 -7.450 -0.055 -0.065 
 5.0-7.5 1.009 0.001** 0.046 -0.182 -0.001 0.002 0.093 0.036* -0.018 -2.877 -0.058 -0.069 
              
1000 
kg N ha-1 
0-2.5 2.648 - -0.082* -0.240* -0.001 0.001 0.199* 0.014 -0.040** -1.802 -0.065** -0.053 
 2.5-5.0 1.627 - 0.050 -0.184** -0.001 0.002 0.260* 0.023 -0.045** -2.344 -0.055** -0.068 
 5.0-7.5 1.728 - 0.074 -0.213 -0.001 0.002 0.252 0.028 -0.046** -2.417 -0.065** -0.069 
              
500 
kg N ha-1 
0-2.5 -6.862 - -0.197 1.422 -0.001 0.009 -0.357 0.085 0.053 9.210 -0.092 0.127 
 2.5-5.0 0.327 - -0.209 0.101 0.001 0.011 -0.379 0.091 0.031 2.957 -0.075 0.180 
 5.0-7.5 -4.092 - -0.332 1.054 0.002 0.010 -0.399 0.097 0.032 4.275 -0.081 0.258 
              
Control 0-2.5 0.862 - -0.051 -0.214 -0.004 0.055 0.256* -0.008 -0.001 -1.119 0.145 -0.257 
 2.5-5.0 3.158 - 0.203** -0.848** -0.001 0.061 0.371* -0.013 0.000 -5.303** 0.364 -0.363* 
 5.0-7.5 5.712 - 0.190* -1.354** -0.002 0.070* 0.319** -0.012 0.004 -4.909* 0.420 -0.442* 
aSoil NO2--N concentration at the given soil depth. b Soil pH at the given soil depth. c Soil temperature at 7.5 cm depth. * P < 0.05, ** P < 
0.01 
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 The predicted NO-N fluxes were integrated overtime. As a percentage of urine-N applied the 
predicted cumulative fluxes ranged from 71 to 76% of the actual measured integrated flux for the 
1000 kg N ha-1 treatment and 43 to 79% for the 500 kg N ha-1 treatment (Table 7-5). 
 
Table 7-5 Measured and predicteda cumulative NO-N fluxes 
1000 kg N ha-1 500 kg N ha-1 
Integrated flux 
method As a % of 
urine-N applied 
Predicted 
as a % of 
measured. 
As a % of 
urine-N applied 
Predicted 
as a % of 
measured. 
Measured 0.21  0.28  
Predicted from 
0-2.5 cm depth 
0.16 76 0.12 43 
Predicted from 
2.5-5.0 cm depth 
0.15 71 0.22 79 
Predicted from 
5.0-7.5 cm depth 
0.15 71 0.22 79 
aPredicted NO-N fluxes were determined using regression coefficients in Table 7-4  
 
7.4.2 Prediction of N2O-N fluxes 
When multiple regressions were performed, as described above, to assess the key factors 
responsible for the variation in the logN2O-N flux a further variable, logNO-N, was also 
included, since during denitrification this is an obligate intermediatery and it may have been a 
precursor to the N2O formed in this field study. 
In the urine treated soils multiple regressions explained between 67 to 86% of the 
variability, and 68-70% in the control. When all treatments were pooled, an average 72% of the 
variability was explained (Table 7-6). The variables that consistently explained the N2O-N flux, 
over all depths; in the 500 kg N ha-1 treatment were the soil surface pH, logNO-N and the N2O: 
NO ratio, while WFPS was significant for the 2.5-7.5 cm depth (Table 7-7). In the 1000 kg N ha-1 
treatment the surface soil pH and the logNO-N flux consistently explained the variability over all 
depths. These results were reflected in the pooled data set along with a treatment effect (Table 7-
7).  
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Table 7-6 Results of multiple regression analysis of logN2O-N flux versus soil variables and 
the logNO-N flux. 
Treatment Depth (cm) r2 P value 
Data pooled over all treatments 0-2.5 71.8 <0.01 
2.5-5.0 72.6 <0.01 
5.0-7.5 71.4 <0.01 
  
1000 kg N ha-1 0-2.5 67.2 <0.01 
2.5-5.0 67.9 <0.01 
5.0-7.5 67.0 <0.01 
  
500 kg N ha-1 0-2.5 83.4 <0.01 
2.5-5.0 77.9 <0.01 
5.0-7.5 86.1 <0.01 
  
Control 0-2.5 68.6 <0.01 
 2.5-5.0 69.6 <0.01 
 5.0-7.5 68.4 <0.01 
 
The correlations between the log N2O-N flux and WFPS and soil surface pH were 0.51 and 0.71 
respectively. The relationship between log N2O-N flux, surface soil pH and log NO-N flux are 
shown in Figure, 7.18b and Figure, 7.19 respectively.  
When logN2O-N was plotted against soil surface pH the regression value was r2 = 0.25 (Fig. 
7.18b). LogNO-N was also a key component of the logN2O-N flux and regression values were 
0.17, 0.36 and 0.49 for the 1000, 500 and control treatments. 
 Table 7-7 Regression coefficients determined from predicting logN2O-N fluxes with multiple regression analyses. Coefficients in bold are 
statistically significant. 
Treatment Depth Const. Treat. 
NO2--
Na 
(g g-1) 
pHb 
 
NH4+-N 
(g g-1) 
NO3--N 
(g g-1) 
surface 
pH 
Temp 
(oC)c 
WFPS 
(%) 
HNO2 
(ng g-1) 
ΔNH4+
-N 
ΔNO3--
N logNO-N 
dN2O:NO 
Pooled 
data 
0-2.5 -0.509 0.0004** -0.019 -0.140 -0.0001 -0.0008 0.248** -0.004 0.023** -1.444 0.022 0.057 0.376** 0.005* 
 2.5-5.0 -0.942 0.0003** 0.107* -0.104 -0.0002 -0.0009 0.253** -0.006 0.026** -0.802 0.024 0.069 0.409** 0.004* 
 5.0-7.5 -0.865 0.0003* 0.038 -0.119 0.0000 -0.0005 0.266** -0.006 0.024** 0.022 0.027 0.052 0.398** 0.004* 
1000 
kg N ha-1 
0-2.5 -0.432 - -0.085 -0.064 -0.0002 -0.001 0.333** 0.009 0.003 2.702 0.024 0.028    0.184e 0.002 
 2.5-5.0 -0.790 - -0.032 -0.014 -0.0001 -0.001 0.293** 0.016 -0.001 2.294 0.019 0.026    0.129 e 0.169 
 5.0-7.5 -0.394 - -0.009 -0.088 0.0002 -0.001 0.317** 0.012 -0.002 1.128 0.028 0.026   0.224 e 0.293 
500 
kg N ha-1 
0-2.5 -0.972 - 0.099 -0.128 0.000 0.001 0.333** 0.005 0.011 -3.954 0.015 -0.105 0.378** 0.015* 
 2.5-5.0 -2.474 - 0.077 0.178 0.000 -0.001 0.306** 0.006 0.019* 0.161 0.018 -0.108 0.351** 0.014* 
 5.0-7.5 -3.210 - 0.055 0.325 0.000 0.000 0.305** 0.009 0.182* 0.584 0.016 -0.122 0.359** 0.017* 
Control 0-2.5 0.089 - -0.024 -0.029 -0.026* 0.053 -0.015 -0.006 0.027 -1.905 -0.904 0.214      0.526*      0.067** 
 2.5-5.0 0.374 - 0.164 -0.154 -0.020 0.032 0.025 -0.011 0.032* -2.428 -0.821* 0.248      0.494* 0.061** 
 5.0-7.5 2.655 - 0.173 -0.646 -0.023* 0.051 0.044 -0.007 0.028 -4.654 -0.788* 0.088      0.478* 0.073** 
aSoil NO2--N concentration at the given soil depth. b Soil pH at the given soil depth. c Soil temperature at 7.5 cm depth. dRatio of N2O-N: NO-N fluxes 
* P < 0.05  ** P < 0.01 e P < 0.10 
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Figure 7.18 Relationship between surface soil pH and (a) logNO-N and (b) logN2O-N at 
different urine-N applied rates over time.
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Figure 7.19 LogN2O-N versus logNO-N during experimental period. 
 
 
7.5  Discussion 
 
7.5.1 Soil inorganic-N and pH dynamics 
 
Soil NH4+-N concentrations were lower in this current field experiment than in the previous 
laboratory experiment (chapter 6) for similar rates of urine-N applied. In the laboratory NH4+-
N concentrations were ca. 800 g g-1 dry soil after 7 days. Apart from the brief peak in the 
1000 kg N ha-1 treatment, where NH4+-N concentrations peaked at 400 g g-1 dry soil  near 
time zero, the NH4+-N concentrations were generally only 25% of those seen in the 
laboratory. Reasons for this may have been because of macro pore infiltration of urine, the 
urine infiltrating to a greater soil depth than in the laboratory (0 -7.5 cm), higher 
immobilisation at the field site, or perhaps most likely, greater NH3 volatilsation losses as a 
consequence of enhanced wind activity. The 2M KCl soil extract method and subsequent 
analysis by colorimetry does not discriminate between NH3 and NH4+-N and it is possible that 
the very high NH4+-N concentration near time zero in the 1000 kg N ha-1 treatment also 
included N as NH3. The soil NH4+-N concentrations are consistent with those measured in 
other previous in situ work. For example Clough et al. (2009) measured maximum 
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 concentrations of ca. 300 g g-1 dry soil after applying 1 L of fresh cow urine-N (911 kg N 
ha–1) in situ. The lower soil NH4+-N concentrations in the 500 kg N ha-1 treatment were 
obviously a reflection of the lower urine-N rate. The time for soil NH4+-N concentrations to 
reach concentrations similar to the control level was also similar to previous in situ work (e.g. 
Orwin et al., 2009). 
 The only consistent trend in the soil NO2--N data was the increase in soil NO2--N 
concentrations over time in the 0-2.5 cm depth. Previous in situ work has shown soil NO2--N 
concentrations peaking 10 days after urine application (911 kg N ha-1) at a concentration of < 
1 g g-1 dry soil (Clough et al., 2009). In this study at 0-2.5 cm depth the initial declining 
trend in NO2--N concentrations, prior to day 5, may have been due to the native inorganic-N 
being nitrified or denitrified following the wetting up of soil, while the peak on day 7 may 
have been due to Nitrobacter still becoming fully functional or being inhibited by the 
presence of NH3. The subsequent increase in soil NO3--N concentrations, which occurred 
relatively rapidly after day 7, was probably a consequence of Nitrobacter becoming functional 
due to enzyme synthesis becoming fully functional and/or a decline in background NH3 which 
may have been inhibiting nitrite oxidiser. 
Increases in soil NO2--N concentrations after day 20 are intriguing. The trend is not 
consistent with the previous laboratory study.  After day 20 there was adequate soil NO3--N 
present and this may have been the source of the elevated NO2--N. But conditions were very 
dry prior to the NO2--N peaks that occurred on days 22 and 38 for denitrification to form  
NO2-, and in fact rain subsequent to these times actually decreased the soil NO2--N 
concentrations. At this time the surface soil pH was decreasing and this in conjunction with 
the very dry soil conditions may have been inhibiting soil NO2--N oxidizers, since the results 
from chapter 5 showed that an 11% WFPS could reduce nitrification rates, and at day 20 the 
field soil was approaching 15% WFPS. The very irregular soil NO2--N concentrations below a 
depth of 2.5 cm suggest that the urine-N applications predominately influenced the 0-2.5 cm 
soil depth.  
The maximum soil NO3--N concentrations were again lower than those seen in the 
previous laboratory study for a similar range of soil temperature and moisture which may 
have been the result of plant uptake or denitrification loss after rainfall events, and of course 
the lower soil NH4+-N pool to commence with. Again however, these soil NO3--N 
concentrations compare well with previous field results (Clough et al., 2009; Orwin et al., 
2009). 
The increase in urine-N rate produced a 1.8 fold increase in the average net NH4+-N 
depletion rate which was almost in proportion to the rate of urine-N increase. This suggests a 
 199
 lowering of the net NH4+-N depletion rate as a consequence of the urine-N addition, but 
nowhere near as significant as that measured in the laboratory experiment under increased 
urine-N rates (chapter 6). The actual rates of depletion in the current study were an order of 
magnitude lower than those measured in the laboratory study (chapter 6), which was a 
consequence of the lower inorganic-N concentrations in the current study. Indicating that 
inhibition of nitrification was not as significant in the field, as it was in the laboratory, when 
doubling the urine-N rate. 
Ratios of NH4+-N to NO3--N reflected the obvious changes in soil inorganic-N discussed 
above and were not informative with respect to the NO-N or N2O-N gas fluxes and did not 
provide any additional insight in interpreting the dynamics observed in the other soil 
variables.  
Soil surface pH values at day 7 were comparable to the values obtained in the previous 
laboratory experiments and other field experiments (e.g.Clough et al., 1996). Likewise the 
final soil surface pH values at day 72 were comparable to those measured in the laboratory 
after the completion of nitrification. As noted above the decrease in soil pH following urine 
application was a result of NH3 volatilisation and nitrification. Hence the decline in soil pH 
over time correlated well with soil NH4+-N. Despite the urine-N affecting the upper 0-2.5 cm 
depth, as observed by changes in soil NO2--N at this depth, the elevation of soil pH due to 
urine-N at 0-2.5 cm depth was irregular on a daily basis although consistent when averaged 
over time (Table 7.1) further indicating that pH in this depth of soil was affected by the urine. 
 
7.5.2 Theoretical HNO2 , NO-N and N2O-N fluxes 
The maximum NO-N fluxes in the current study were of a similar order of magnitude to those 
measured in chapters 5 but lower than those measured in chapter 6 for the 1000 kg N ha-1 rate. 
The latter may have been a result of the relatively lower NH4+-N concentration in the current 
experiment as noted above, since in the previous laboratory study the 1000 kg N ha-1 
treatment influenced the rate of net NH4+-N depletion and subsequent NO-N flux. The 
increase in soil NO2--N concentrations over time along with the simultaneous decrease in soil 
pH led to the increase in the theoretical HNO2 concentrations. These HNO2 concentrations 
increased as the surface soil pH reached ca. 5.5, which was approximately the same surface 
soil pH value seen in the laboratory experiments whereupon HNO2 also increased. Despite the 
elevation in theoretical HNO2 concentrations and the lower soil pH there was no correlation 
between the NO-N fluxes measured and the theoretical HNO2 concentrations in the urine 
treated soil, especially over the period of days 30 to 60 when the NO-N fluxes were elevated 
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 and theoretically HNO2 was present. Thus the abiotic mechanism(s) that occurred in the 
laboratory did not dominate in this field study.  
In the field the presence of plants influences the microbial community via the exudation 
of root substrates, plant-N uptake etc. Plants were not present in the laboratory study. Thus 
microbial activity may have been higher in the field.  Interestingly, the mechanistic studies by 
Venterea et al. (2005) that demonstrated higher abiotic rates also precluded plants. There were 
also random changes in WFPS in the field due to rainfall and these rain events also cooled the 
soil. Thus the field environment was far more dynamic. Despite the uncontrolled environment 
it is hard to explain the total lack of any significant measured variables in the 500 kg N ha-1 
treatment, when attempting to explain the variability in the NO-N flux. A reason for this may 
have been the effective concentration of urine-N applied. In the 1000 kg N ha-1 treatment the 
urine-N volume was 1700 mL, at 10.5 g N L-1. While in the 500 kg N ha-1 treatment urine-N 
applied was a mixture of 850 mL of urine (10.5 g N L-1) plus 850 mL of water. Thus the 
actual ‘concentration’ of the urine was dissipated. The original reasoning for this method of 
application was to keep the total volume of liquid equal and thus the soil WFPS similar, given 
the importance of WFPS to NO-N fluxes. It would have been interesting to apply the 500 kg 
N ha-1 treatment in just 850 mL so that the N concentration remained at 10.5 g N L-1.  
In the 1000 kg N ha-1 treatment the NO-N fluxes were related to some of the variables 
expected based on the previous laboratory work i.e. change in net NH4+-N depletion rates, and 
soil pH values (Table 7-4). Indicating perhaps that some of the net NO-N flux observed was 
in fact due to abiotic production. However, the relationship between soil pH and NO 
production showed higher NO production at higher values of soil pH, i.e. NO-N flux did not 
increase with increasing soil acidity (Fig. 7.18a). This suggests, at first glance, that NO 
production (and N2O) production decreased as soil pH became more acidic. In fact the net rate 
of NH4+-N depletion, or turnover of the NO2- -N pool, would have been decreasing as the soil 
became more acidic (Fig. 4.7) and as this happened the NO-N flux should have decreased, as 
found in chapter 4 (Fig. 4.17). This does not infer NO-N fluxes were in proportion to N 
turnover, as seen in Fig.4.19. However, an attempt to establish a relationship between the NO-
N flux as a percentage of the net NH4+-N depletion rate and soil pH, or H+ concentration, 
proved elusive. Although the highest percentage values occurred below a pH of 6 no 
significant regression relationship could be formed. This further indicates that abiotic 
transformation of NO2--N was at a minimum in the field. 
The multiple regression analyses of the logNO-N flux, when converted back to a flux 
and plotted against the measured NO-N flux, failed to capture the high NO-N fluxes observed 
over the period day 9 to 19 (Figure 7.15). During this period soil temperature increased by 
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 approximately 6 degrees , NO3- -N concentrations suddenly increased while soil NH4+-N also 
increased slightly during the period, soil surface pH stabilized over this period at about 6.5, 
and perhaps most importantly a small rainfall event occurred on day 9 following a week 
without rainfall. It is well recognized that NO-N fluxes can increase following periods 
without rainfall (Mexiner et al., 1997; Scholes et al., 1997). This has been attributed to the 
availability of an already present inorganic-N pool and soil microorganisms forming NO 
when soil moisture is no longer a limiting factor. In the case of the field experiment there was 
ample substrate present in the soil surface due to the presence of the urine-N derived 
inorganic-N. The rainfall event on day 9 may have been sufficient to initiate an NO pulse.  
A comparison of the fluxes measured in the current experiment emphasizes the dearth 
of other in situ work examining seasonal net NO-N fluxes from urine patches. There are only 
3 in situ summer studies known. Colbourn et al. (1987)  performed a summer study that 
recorded maximum NOx-N fluxes of 190 g g-1 soil h-1 (mean 43) over 14 days (where NO 
accounted for a mean 68% of the NOx), but the urine-N rate was relatively low (500 kg N ha-
1), the soil was moist (67-73% WFPS) and the initial soil pH was high (7.3). The maximum 
NO-N flux measured by Colbourn et al. (1987) was very comparable to that measured in the 
500 kg N ha-1 rate of the current study, although the NO-N as a percentage of urine-N applied 
was found by Colbourn et al. (1987) to be only 0.03% compared to 0.15% in current study. 
The difference may have been a consequence of the higher pH reducing the potential for 
abiotic production or enhancing more rapid turnover of inorganic-N pools, the higher WFPS 
aiding consumption, or the relatively short duration of the study.  
Maljanen et al. (2007) applied dairy cattle urine (583 kg N ha-1) to a soil of pH 6.0, 
varying in WFPS from 36-90%, averaging 16oC, and measured the fluxes for 110 days and 
recorded maximum NO-N fluxes of 320 g g-1 soil h-1 (mean peak ca. 200 g g-1 soil h-1) four 
weeks after urine deposition. The magnitude of the fluxes are again similar to the NO-N 
fluxes recorded in the current study at 500 kg N ha-1. The cumulative NO-N flux after 110 
days in the study of Maljanen et al. (2007) was 0.16% of the urine-N applied which 
corresponds very well with the current study (0.15%). 
In the current study the NO-N flux was responsible for 52% of the (NO + N2O)-N flux 
while Maljanen et al. (2007)  found it accounted for 34%. The difference may have been due 
to the higher soil WFPS values, measured by Maljanen et al. 2007, promoting N2O production 
and/or NO consumption. 
A summer study by Bronson et al. (1999)  found NO emissions were about 10 times 
greater than N2O emissions when sheep urine (205 kg N ha-1) was applied under extreme 
summer conditions (soil 25-35oC, pH 5.4; < 20% WFPS) but emissions did not start until 14 
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 days after urine application when a 20-mm rainfall event was applied. Cumulative NO-N 
emissions equated to 0.58% of the urine-N applied (peak flux ca. 680 g g-1 soil h-1, mean 178 
g g-1soil h-1). 
These are the only in situ summer studies of NO-N from urine patches, where urine has 
been applied to the soil. Despite the fact that NO2- is the gateway for NO emission pathways 
none of these previous summer studies directly measured NO2- concentrations. Further 
detailed measurements are required of the changes in the soil NO2--N concentrations with 
depth and distance from the urine patch over time to further elucidate the mechanisms of NOx 
and N2O emissions. 
 
7.6 Conclusions 
The cumulative NO-N flux from the 500 kg N ha-1 treatment was very comparable with the 
maximum flux attained in the other field studies where bovine urine has been applied under 
summer conditions. No other in situ studies have performed using 1000 kg urine-N ha-1 and 
the current study represents the first at this rate. The cumulative NO-N fluxes did not increase 
linearly with urine-N rate and neither did they appear to be related to abiotic production.  
No previous in situ urine studies have attempted to examine the relationships between the 
net NO-N flux, the soil NO2--N pool and soil pH (theoretical HNO2). Despite the presence of 
NO2--N in the soil no relationship was found between theoretical HNO2 concentrations and 
the NO-N flux. 
The relationship previously established in the laboratory studies, between the net NH4+-
N depletion rates and NO-N fluxes, did not occur in the field. It is assumed that enhanced 
microbial competition for soil NO2--N distorted the relationship, previously identified in the 
controlled laboratory experiments. Thus net NO-N emissions are believed to have been 
predominately from microbial sources. Further evidence of biological production of NO was 
seen with the strong relationship between logN2O-N and logNO-N emissions. Further studies 
are required to elucidate in-situ production mechanisms of NO and the relationship to N2O in 
the urine patch. 
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   Chapter 8 
Fluxes of NO and N2O from cow-urine treated 
pasture soil and the effect of different soil factors 
affecting their production and emissions during 
winter period 
8.1  Experimental Rationale 
This study was conducted to obtain a data set, for the first time, of NOx emissions from urine 
applied pastures soil during winter conditions in a New Zealand pasture. Data sets containing 
concurrent measurement of N2O and NOx are scarce, as are measurements of NOx from urine-
affected soils under in situ environmental conditions.  
The main objectives of this experiment were 
 To obtain the first NOx emission data from pastures under simulated bovine urine 
patches for New Zealand winter conditions. 
 To examine possible in situ relationships between NO and N2O fluxes and the effect of 
various soil factors on the production and emission of these nitrogenous gases from 
urine treated soil. 
 To compare the NOx data obtained from a winter experiment with that of a summer 
experiment and assess seasonal implications for NOx emissions.  
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 8.2  Materials and Method 
Materials and methods, and the experimental site used for this experiment were the same as 
those described for the summer experiment (section 7.2) unless otherwise stated. 
The urinary-N concentration of the collected urine was 4.5 g N L-1 and it was made it to 10 g 
N L-1 by the addition of urea. The cow urine was then applied to experimental plots, the same 
day as it was collected, using a watering cane to ensure even distribution within the plot 
(Plate. 7.1). Experimental plots were either gas chamber plots (0.029 m2) or soil sampling 
plots (0.16 m2). The experimental design consisted of three treatments replicated 3 times. 
Treatments were: 
(a) Control plot without urine but with equal volumes (1700 mL) of deionised water applied.  
(b) Urine applied at 500 kg N ha-1 (conservative rate of urine application) with a volume of 
850 mL urine + 850 mL of deionised water. Out of this total (1700 mL volume), 300 mL was 
applied to gas chamber plots (0.029 m2) while 1400 mL was applied to the surrounding of the 
gas chamber plots (0.13 m2) to cover the total ring area as shown in Plate 7.1. 
 (c) Urine applied at 1000 kg N ha-1 (high rate of urine application) with a volume of 1700 mL 
of pure urine split into two volumes of 300 mL applied to gas chamber plots (0.029 m2) and 
1400 mL to the surrounding of the gas chamber plots (0.13 m2). 
8.2.1 Soil sampling and analyses 
Plots adjacent to the headspace chamber plots were set up, with equivalent treatments, for soil 
sampling. Soil measurements taken over time included soil surface pH (section 3.6.1), soil 
moisture (section 3.6.3) and soil inorganic-N (section 3.6.2). The soil NH4+-N and NO3--N 
and NO2--N concentrations were measured over a depth of 0 – 7.5 cm on days 0, 1, 2, 3, 6,  
10, 16, 18, 29, 30, 31, 34, 36, and 42.  
8.2.2  N2O and NO Sampling and analyses 
Nitrous oxide and NO sampling and respective flux determinations were performed as 
described above (section 3.3- 3.5). In the field NO-N flux measurements were taken on days 
0,1 2, 6, 7, 10, 16, 18, 31, 34, 36, and 42, while N2O-N flux measurements were taken on days 
0,1 2, 6, 7, 10, 16, 18, 24, 25, 30, 31, 34,  and 36. 
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 8.3  Results 
8.3.1  Soil NH4+-N concentrations 
Urine-N treatment influenced soil NH4+-N concentrations (P < 0.01) over time with the 
highest measured in the 1000 kg N ha-1 treatment (510 µg g-1 dry soil) on day 2 (Fig. 8.1). 
After day 18 no significant differences between the 500 kg N ha-1 and the control treatment 
were observed while higher NH4+-N concentrations were maintained at 1000 kg N ha-1 at day 
30 and 31. The rate of decrease in soil NH4+-N concentrations was more rapid at 1000 kg N 
ha-1 than 500 kg N ha-1. The NH4+-N concentration in the control treatment did not change 
significantly during the experimental period (range 1.1 to 7.2 µg g-1 dry soils).  
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Figure 8.1 Soil NH4+-N concentrations versus time following urine application to soil at 3 
different urine-N rates (n = 3, error bars are ± s.e.m.). 
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 8.3.2  Soil NO2- -N concentrations 
Urine-N treatments had no effect (P > 0.05) on soil NO2--N concentration over time (Fig. 8.2). 
Maximum mean concentrations of NO2--N were observed on day 16 for both the 1000 and 
500 kg N ha-1 treatments, with 4.7 and 4.0 µg g-1 dry soil respectively.  
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Figure 8.2 Soil NO2--N concentrations versus time following urine application to soil at 3 
different urine-N rates (n = 3, error bars are ± s.e.m.). 
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 8.3.3 Soil NO3--N 
Soil NO3--N concentrations over time were affected by urine-N treatment (P < 0.01) and they 
increased gradually over time in both urine treatments with higher concentrations at 1000 kg 
N ha-1 (Fig. 8.3). The mean maximum NO3--N concentrations observed in the 1000 and 500 
kg N ha-1 treatments were 114 and 30 µg g-1 dry soil on day 42 (Fig. 8.3). The NO3- -N 
concentration remained constant in the control treatment over time at ≤ 5 µg g-1 dry soil. No 
significant differences were observed among the treatments until day 6 when urine treated 
plots had higher NO3--N concentrations than the control with the concentrations in the 1000 
kg N ha-1 higher than at 500 kg N ha-1 after day 29.  
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Figure 8.3 Soil NO3--N concentrations versus time following urine application to soil at 3 
different urine-N rates (n = 3, error bars are ± s.e.m.). 
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 8.3.4 Net NH4+-N depletion rates 
The net NH4+-N depletion rates were calculated by regression of NH4+-N concentrations 
versus time, as discussed (section 4.3.4). There was a 2.5 fold increase in the depletion rate at 
1000 kg N ha-1 compared to the 500 kg N ha-1 treatment (Fig. 8.4) 
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Figure 8.4 Net NH4+-N depletion rate (ng g-1 soil h-1) in urine affected soil (n = 42, 
number of samples used for each urine-N rate calculation). 
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 8.3.5 Soil surface pH 
Application of urine caused significant increases in soil surface pH immediately after urine 
application, after which the soil pH decreased gradually over the time and reached that of the 
control after day 43 (Fig. 8.5). Urine-N treatment significantly affected the soil pH values 
when all data were pooled over time. On 12 out of 15 sampling events the 1000 kg N ha-1 
treatment had higher soil surface pH values than the control treatment. Significant differences 
between the 1000 kg N ha-1 and 500 kg N ha-1 treatments occurred on days 17, 19, 30. No 
statistical significant differences were observed between the 500 kg N ha-1 and the control 
treatment. When data were pooled, soil surface pH was significantly correlated with NH4+-N 
(r = 0.26, P < 0.01), NO3- -N (r = 0.25, P < 0.01), NO-N (r = 0.25, P < 0.01) and N2O-N (r = 
0.33, P < 0.01).  
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Figure 8.5 Soil surface pH over time following urine application to (n = 3, error bars are ± 
the s.e.m.). 
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 8.3.6 Theoretical HNO2 concentrations 
Urine treatments significantly affected the HNO2 concentrations over time (P < 0.05). 
Maximum mean HNO2 concentrations (11 ng g-1 dry soil) were observed in the 500 kg N ha-1 
treatment at day 6 (Fig. 8.6). The HNO2 concentrations in the 1000 kg N ha-1 treatment tended 
to be lower in the 500 kg N ha-1 (Fig. 8.8). When data were pooled the HNO2 concentrations 
correlated significantly with NO2- -N (r = 0.20, P < 0.05) and soil pH (r = -0.65, P < 0.01). 
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Figure 8.6 Calculated HNO2 concentration in the control and urine treated soil (n = 3, 
error bars are ± the s.e.m). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 212
 8.3.7 Rainfall and Water-Filled Pore Space (WFPS) 
Rainfall occurred on 15 occasions (Fig. 8.7) with rain fall averaging 8 mm per event ( range 
0.2-23.4 mm). 
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Figure 8.7 Rainfall over the experimental period. 
 
Soil WFPS ranged from 47-70% (Fig. 8.8). The mean maximum WFPS of 71% was observed 
immediately after urine application (Fig. 8.8). No significant differences were observed 
between treatments during the experimental period. 
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Figure 8.8 Soil WFPS over time (n = 3, error bars are ± the s.e.m.). 
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 8.3.8 Soil temperature 
Mean soil temperature at 7 cm depth over the course of experimental period was ± 7oC. No 
significant differences among the treatments were observed during the experiment. The soil 
temperatures ranged from 3 to 11oC (Fig. 8.9). They declined after urine application to 3oC 
and then increased to almost 10oC on day 11; then declined to around 6oC over days 17 to 31, 
and then increased over time to reach 11oC on day 37 (Fig. 8.9).  
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Figure 8.9 Soil temperature (7 cm depth) during the whole experimental time (n = 3, error 
bars are ± the s.e.m.). 
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 8.3.9 NOx fluxes  
No NO2 was detected at any stage. Fluxes of NO-N occurred immediately after urine 
application with urine-N treatments significantly (P < 0.01) affecting the NO-N fluxes over 
time (Fig. 8.10). On six out of the eleven sampling occasions both urine-N treatments had 
significantly (P < 0.05) higher NO-N fluxes than the control treatment (Fig. 8.10). Maximum 
mean NO-N fluxes (5.0 µg NO-N m-2 h-1) were observed in the 500 kg N ha-1 and the 1000 kg 
N ha-1 (4.0 µg NO-N m-2 h-1) treatments on day 1 (Fig. 8.10) but these were not statistically 
different from the control treatment. After day 5 the urine treatments had significantly higher 
NO-N fluxes than the control treatment except for day 30. Cumulative NO-N losses for the 
500 and 1000 kg N ha-1 treatments differed (P < 0.05) and were 0.0006 and 0.0008% of the 
urine-N applied respectively. 
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Figure 8.10 Soil NO-N flux versus time following urine application to soil at 3 different 
urine-N rates (n = 3, error bars are ± the s.e.m.). 
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 8.3.10 N2O fluxes 
The N2O-N fluxes varied with time and rate of urine application (Fig. 8.11). On all days 
except days 3 and 8 the N2O-N fluxes from the 1000 kg N ha-1 treatment were significantly 
higher than from the control treatment. Similarly, N2O-N fluxes from the 500 kg N ha-1 were 
also significantly higher than from the control except at days 1, 3 and 8. The N2O-N fluxes on 
days 1, 7, 19, 24, 31, 32 were not significantly different between urine-N treatments. The 
N2O-N flux showed a different pattern of emission when compared with the NO-N flux. At 
1000 kg N ha-1 the N2O flux increased immediately after urine application before rapidly 
decreasing, then it increased gradually to a peak at day 11  (246 µg N2O-N m-2 h-1) and then 
gradually declined (Fig. 8.11). While at 500 kg N ha-1 the N2O-N flux increased at a slower 
rate to peak at 90 µg N2O-N m-2 h-1, also at day 11, before slowly declining over time (Fig. 
8.11). Cumulative N2O-N losses differed due to urine-N rate (P < 0.01) and were 0.09% and 
0.05% of the urine-N applied for the 1000 kg N ha-1 and 500 kg N ha-1 treatments 
respectively.  
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Figure 8.11 Soil N2O-N flux versus time following urine application to soil at 3 different 
urine-N rate (n = 3, error bars are ± the s.e.m.). 
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 8.3.11 N2O-N:NO-N ratio 
Urine-N treatment influenced the N2O-N: NO-N ratio (Fig. 8.12) over time (P < 0.01) with 
the N2O-N : NO-N ratio >1 in all treatments. The N2O-N: NO-N ratio was greater in the 
urine-treatments than the control on all days. A maximum N2O-N: NO-N ratio (367) was 
recorded at day 16 at 1000 kg N ha-1.  
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Figure 8.12 Soil N2O-N: NO-N ratio over time following urine application to soil (n = 3, 
error bars are ± the s.e.m.). 
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 8.4 Regression analysis 
8.4.1 Prediction of NO-N fluxes. 
When data were pooled across all sampling times and treatments multiple regression analysis 
explained only 22% of the variability in log10NO-N fluxes with temperature and NO3--N 
affecting the log10NO-N fluxes (P < 0.01). However when data were split according to 
treatment the best multiple regression model was obtained from a control treatment data set 
(r2 = 0.46, P < 0.01) where, NO3- -N, NO2--N and temperature played a significant role in 
explaining the variability in the log10NO-N fluxes. At 1000 kg N ha-1 treatment the regression 
analysis explained only 23% (P < 0.05) of the variability in log10NO-N fluxes while, 
regression analysis for 500 kg N ha-1 treatment was not significant. 
 
 
8.4.2 Prediction of N2O-N fluxes 
At either 1000 kg N ha-1 or 500 kg N ha-1, the variability in the log10N2O-N fluxes was 
explained > 43% (P < 0.01) and (P < 0.05) respectively. Soil NO3- -N and NH4+-N were the 
major variables that significantly predicted the log10N2O-N fluxes at both urine-N rates. 
Multiple regression analysis for the control treatment did not produce a significant result. 
When data were pooled across all sample times and treatments regression analysis explained 
47% of the variability in log10N2O-N fluxes. 
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 8.5 Discussion 
8.5.1 Soil inorganic-N, moisture, temperature and pH dynamics 
The soil NH4+-N concentrations in the winter field experiment were approximately twice 
those measured in the summer experiment but again the bulk of the NH4+-N had been nitrified 
or otherwise transformed by approximately day 30, as occurred in the summer experiment. 
Despite the higher soil NH4+-N concentrations they were still lower than in the previous 
laboratory experiment (chapter 6) for similar rates of urine-N applied. As noted earlier 
reasons for this may have included macro pore infiltration of urine, the urine infiltrating to a 
greater soil depth than in the laboratory (0 -7.5 cm), greater rates of immobilisation, or 
perhaps greater NH3 volatilisation when compared to the laboratory study. The higher 
concentrations of soil NH4+-N when compared with the summer study were possibly due to 
differences in rates of NH3 volatilisation, with less NH3 volatilisation from the colder and 
wetter soils in winter, or less plant/microbial uptake of soil NH4+-N again as a result of cooler 
soil temperatures when compared with the summer. The soil NH4+-N concentrations were 
again consistent with other previous in situ work (e.g. Orwin et al., 2009). Interestingly the 
net NH4+-N depletion rates were higher than in the summer experiment. This was a 
consequence of a higher concentration of NH4+-N at day 1, compared to the summer 
experiment. However, they were still much lower than those observed in chapter 6, indicating 
the importance of other competition for the soil NH4+-N under field situations. 
Despite these differences in soil NH4+-N concentrations the soil NO2--N concentrations 
did not differ due to urine-N rate and they proceeded to increase, peaking at values very 
similar to those of the summer field experiment, ca. 4.0g g-1 dry soil. In the summer 
experiment, and in other previous experiments (e.g. Clough et al., 2009) a delay of several 
days was seen, prior to NO2--N concentrations increasing. This was not the case in the current 
experiment and soil NO2--N concentrations increased steadily within a day of urine 
application. The reasons for this can only be speculated upon but the lower rate of NH3 
volatilisation (as evidenced by the larger soil NH4+-N pool) may have meant nitrifying 
bacteria were not as inhibited as they may have been in the summer experiment. Soil NO2--N 
concentrations also decreased sharply at about day 30 just prior to a marked increase in soil 
NO3--N concentrations. Soil NO3--N concentrations had until this time been lower than in the 
summer experiment, possibly due to wetter soil conditions and denitrification as discussed 
below. This rather dramatic increase in soil NO3--N concentrations coincided with marked 
warming of the soil and it may be that the source of some of this soil NO3--N was the net 
result of soil mineralisation. 
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 The rainfall was regular (after day 10) until day 30 with several events > 10 mm. This 
and the relatively high WFPS at the start of the experiment meant, that for the duration of the 
winter experiment the WFPS was higher than what it had been in the summer experiment, 
averaging 47-70% and  18-36% percent respectively. This had implications for NO-N and 
N2O-N fluxes, as discussed below, and also contributed to the lower soil temperatures 
between days 10 to 30. 
The significant difference in soil surface pH between the 500 and 1000 kg N ha-1 
treatments between days 10 and 30 was due to the soil surface pH remaining elevated in the 
1000 kg N ha-1 treatment (> 7.0) despite the steady fall in soil NH4+-N concentrations over the 
first 30 days in the 1000 kg N ha-1 treatment. The prolonged elevation of surface soil pH 
suggests decreased ammonia oxidation rates but the observed decrease in NH4+-N 
concentrations refutes this suggestion. It may be that during this period when rainfall was 
heavy that the acidification of the soil was better buffered, especially at the soil surface, due 
to the frequent and intense rainfall events.  
 
 
8.5.2 Theoretical HNO2, NO-N and N2O-N fluxes 
The theoretical HNO2 concentrations were generally an order of magnitude lower than those 
calculated for the summer experiment. Given that this calculation is a function of soil pH and 
NO2- -N, this was a consequence of using only the soil surface pH in the current experiment, 
where as in the summer experiment soil depths below 2.5 cm were used and these tended to 
be more acidic than in the surface depth. A second factor was the relative length of the 
experiments with the measurement period of the summer experiment an extra 30 days which 
revealed a greater increase in soil acidity than seen in the current winter experiment. 
Nevertheless, when only considering the first 40 day period, soil theoretical HNO2 
concentrations were generally higher in the summer experiment due to lower acidity below 
the soil surface (Fig. 7.8). 
Fluxes of NO-N were two orders of magnitude lower than those observed in the 
summer experiment. The predominant reasons for this, given that soil inorganic-N and pH 
were similar, were the increased WFPS and lower soil temperatures. This is consistent with 
the results from chapter 5, where it was observed that NO-N fluxes were at their minimum at 
low temperatures (5oC) and elevated WFPS, and with previous studies where NO-N 
emissions have been shown to be high under drier soil conditions (Maljanen et al., 2007). In 
the winter experiment the soil temperature and WFPS averaged 7.5oC and 55% respectively. 
The WFPS was > 50% until ca. day 30 when it began to decline. Interestingly this, and the 
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 concurrent increase in soil temperature, may explain the small but steady increase in NO-N 
flux observed from day 30 onwards in the 1000 kg N ha-1 treatment.  These very low NO-N 
fluxes resulted in extremely low cumulative NO-N fluxes (< 0.001%), as a percentage of 
urine-N applied. These cumulative fluxes may have increased had the experiment been run 
over a longer period of time, since NO fluxes were still elevated above the control at the end 
of the experiment, inorganic-N was still elevated in the urine treated soils and soil 
temperatures were warming and soil was drying out as the spring season commenced. 
 
8.5.3 Comparison with other in situ winter studies 
There are only two other published studies where NOx emissions from in situ urine 
applications have been performed under winter conditions. The first of these was carried out 
by Watanabe et al. (1997), where cattle urine was applied to grassland in either autumn or 
winter, at 376 and 333 kg urine-N m-2, respectively. Pasture type and soil fertility status were 
not reported. The experiments report the use of only one replicate per treatment and did not 
mention the mean soil moisture content or the soil moisture contents over time other than to 
present a range in WFPS of 57 to 66% and the season (autumn/winter) was not given for the 
WFPS data. Soil temperatures reported by Watanabe et al. (1997), at 10 cm soil depth for 
autumn ranged from 7 to 22oC and for winter ranged from 4 to 10oC. The autumn results are 
not reported on or discussed in detail. In the winter experiment emissions of NO-N began to 
increase 1 month after urine application reaching a maximum after about 80 days (1700 g  
m–2 h-1) and with cumulative NO-N fluxes equating to 0.48% of the urine-N applied. These 
results of Watanabe et al. (1997) provide a substantially higher flux and cumulative emission 
than seen in the current experiment, and the cumulative NO-N result of 0.48% is even greater 
than the previous summer experimental result and other reported summer studies, where it is 
expected that NO-N fluxes should be higher due to warmer and drier soil conditions. There is 
an under reporting of the associated data needed (e.g. soil inorganic-N) to interpret the result 
presented by Watanabe et al. (1997) and comparisons with the current study, and others, are 
not possible. 
More recently Maljanen et al. (2007) reported on an autumn application of urine-N (583 
kg urine-N m-2) to a dairy pasture (pH 6.0) and the associated NO-N fluxes. While not strictly 
a winter experiment it provides a further contrast with the present experiment. In this 
experiment (Maljanen et al., 2007) the WFPS and temperature varied from 36 to 90% and -3.2 
to 10oC respectively. The emissions of NO-N reached a maximum after one month (100 g 
m–2 h-1), with cumulative NO-N fluxes equating to 0.06% of the urine-N applied after 62 
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 days. This was considerably higher than that observed in the current study (0.0008%). This 
could be due to the relatively longer measurement period in their study, and possibly wetter 
soil conditions in the current study (Maljanen et al. (2007) did not report WFPS over time), 
differences in soil fertility, and sustained soil NO3--N concentrations. 
An attempt to compare this current experiment with other winter field studies highlights 
the dearth of data available. While other studies have conducted laboratory experiments at 
higher values of WFPS these have generally been performed at elevated soil temperatures 
atypical of winter conditions (van Groenigen et al., 2005a).  
Somewhat surprisingly perhaps the cumulative N2O-N losses were low when expressed 
as a percentage of the urinary-N applied. Van Groenigen et al. (2005b) quotes values of 1.0% 
as being typical for field based studies. An explanation for this may have been the rainfall and 
its intensity. In the 1000 kg N ha-1 treatment the N2O-N flux was indeed increasing until day 
11. But after this time there were periods of intense and prolonged rainfall which could have 
promoted several effects, all of which might have reduce the N2O flux. These include; making 
the soil environment wetter and thus more anaerobic, which may have promoted complete 
denitrification to N2; making the soil environment wetter and further impeding the gaseous 
diffusion of N2O from the soil, as shown by Letey et al. (1980); or even displacement the N2O 
produced to greater depths (Clough et al., 2003b). 
8.6 Conclusions 
This was the first in situ winter study to examine the effect of urine-N, at two rates, on NOx 
emissions from a pasture system in New Zealand. It showed that urine-N did not enhance NOx 
fluxes, which were < 0.001% of urine-N applied, to the same extent as under summer 
conditions where soils were warmer and drier. As a percentage of the urine-N applied the 
NO–N fluxes were 240-250 folds lower in the winter period when compared with the summer 
experiment regardless of urine-N rate. It is assumed that this was due to wetter soil condition 
enhancing NO consumption and reducing NO diffusion. A further prolonging of the 
experimental period may have seen cumulative emissions increase due to soil conditions more 
favourable to NOx emissions occurring as the spring season commenced. 
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    Chapter 9 
General conclusions and future work 
9.1 Introduction 
The sequence of laboratory studies performed and presented in the previous chapters, 
examined for the first time, the effects of several treatments on NOx emissions from bovine 
urine amended soils, under controlled conditions. These treatments included the initial soil 
pH, urine-N rate, and soil moisture and soil temperature. In addition to these three laboratory 
studies, two field experiments were conducted. These experiments examined, for the first time 
under New Zealand conditions, the effect of bovine urine-N rate and season on in situ NOx 
emissions. The primary focus of these studies was to evaluate treatment effects on the NOx 
flux. The N2O molecule is also intrinsically linked to the NO molecule due to both mutual and 
connecting pathways of production and consumption of these gases. Thus treatment effects on 
N2O were also simultaneously evaluated. 
9.2 Why was no NO2 flux measured? 
A solution to this question is provided by Galbally & Roy (1978) who explain that the 
oxidation of NO to NO2 is concentration dependent, with the half-life for oxidation of NO to 
NO2 in the atmosphere being equal to 1 hour at NO concentrations ≥ 100 L L-1 of NO, 
whereas at concentrations of  0.01 L L-1 of NO the half life for oxidation of NO is in the 
order of 104 hours. The concentrations measured during peak fluxes in the experiments 
performed were generally   26 ppb or 26 nL L-1. Thus the concentrations of NO were too 
low and the incubation times were too short, during the periods of NO concentration 
measurement, for any significant oxidation of the NO evolved and thus no NO2 was detected. 
The NO molecule also reacts with the ozone molecule (O3) to form NO2 at the trace 
concentrations of NO that occur in the atmosphere (Logan, 1983). As noted by (Conrad, 
1996) this possible interference is avoided in chamber systems where a dynamic air flow is 
purified, as it was in the above studies using the Purafil® scrubber. 
9.3 Soil pH and NO-N fluxes 
The results of the experiments performed in the laboratory reinforced the importance that soil 
pH plays an important role in the production of NO-N. It is well known that liming an acid 
soil will improve the nitrification rate (e.g. Fig. 4.16) and NO-N fluxes have been considered 
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 to be proportional to the rate of N turnover, and indeed on face value the results of chapters 4 
and 5 support this theory (Fig. 4.17). However, all the laboratory studies showed for the first 
time a linear relationship that linked the NO-N flux, as a percentage of the net NH4+-N 
depletion rate, to the soil pH (e.g. Fig. 4.19). Such relationships may not have been previously 
detected since many mechanistic abiotic studies have been performed using sterilized soils. If 
the initial soil pH was relatively acidic, or if the soil conditions became acidic (surface soil pH 
< ≈ 5.5) as a result of nitrification, this ratio increased. The soil pH became more acidic if 
other factors, besides a more favourable initial soil pH, also favoured nitrification such as 
elevated soil temperature or relatively lower urine-N rates. Thus soil pH both affected the rate 
of net NH4+-N depletion and the magnitude of the NO-N flux. While NO-N flux increased 
with increasing soil pH and N turnover the fluxes of NO-N were actually higher under acidic 
soil conditions when expressed as a percentage of the net NH4+-N depletion rate (chapter 4). 
When soil temperature was elevated and nitrification rates increased, promoting soil 
acidification, the fluxes of NO-N were again actually higher under acidic soil conditions when 
expressed as a percentage of the net NH4+-N depletion rate (chapter 5). In chapter 6 the linear 
relationship between the NO-N flux, as a percentage of the net NH4+-N depletion rate, and the 
soil pH was again maintained. However, instead of all data plotting on a single line there was 
an effect of urine-N rate, with the NO-N flux as a percentage of the net NH4+-N depletion rate 
increasing at any given time with urine-N rate. This was despite the surface soil pH being less 
acidic at higher urine-N rates. One reason suggested for this urine-N effect was the negative 
effect of increasing urine-N rate on the NO2- oxidisers, thus exposing more NO2--N to 
chemical NO-N generation pathways as described above. 
In the field studies relationships could not be established between the NO-N flux, as a 
percentage of the net NH4+-N depletion rate, and the soil pH. Despite measuring NO2--N 
intensively at three relatively shallow depths. This inability to observe the sought relationship 
may have been due to inadequate soil pH determinations or enhanced microbial competition 
for NO2--N due to the presence of plants and enhanced microbial activity resulting from this 
or greater temporal and spatial variability in soil temperature and moisture. 
9.4 Soil temperature and Moisture and NO-N fluxes 
The results of chapter 5 and the field studies confirmed that NO-N fluxes are higher under 
drier soil conditions for reasons outlined and discussed above. In chapter 5 an attempt was 
made to examine the Q10 relationships and a result of note was that the Q10 response 
decreased with increasing water content (Fig. 5.29) between 5 to 15oC. This did not occur 
when the soil temperature was raised from 15oC to 22oC due to enhanced nitrification at 
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 warmer temperatures, increasing the rate of soil acidification and potential for NO-N 
emissions. Increasing soil temperature enhanced net NH4+-N depletion rates and the rate at 
which soil acidified, while at low soil moisture content (11% WFPS) reduced rates of net 
NH4+-N depletion rates and soil acidification, and thus the soil pH and NO-N fluxes 
responded accordingly as outlined above. 
9.5 N2O-N fluxes 
Soil N2O fluxes were determined by nitrification rate, with initial soil pH as a treatment, with 
higher cumulative losses at higher initial soil pH. The relationship between net NH4+-N 
depletion rates and N2O flux while varying with initial soil pH did not follow the same trend 
as NO-N fluxes indicating different mechanisms were involved. In chapter 5 N2O fluxes were 
consistent with previous work and were higher under warmer and moister soil conditions. In 
all the laboratory studies there was the possibility that any N2O fluxes were diminished due to 
limited organic-C supply for heterotrophic denitrifying mechanisms and ideally future studies 
under controlled laboratory conditions should incorporate pasture species so that root 
exudates can potentially supply carbon to denitrifiers. For example, while N2O fluxes did 
increase in response to urine-N rate in chapter 6 the N2O fluxes were limited in duration, 
possibly due to a carbon limitation.  
The N2O: NO ratio was generally inconsequential in determining cause and/or 
mechanism of the NO-N or N2O-N fluxes. An exception was the summer field experiment 
where the log of the NO-N flux was a significant predictor of the N2O-N flux, suggesting that 
NO-N fluxes in the summer experiment were a consequence of denitrifying mechanisms. 
9.6 Regression analyses 
As a tool to explain the variability in the NO-N fluxes the use of multiple regression analysis 
met with varying degrees of success. A determining factor in this mixed success was the fact 
that these experiments measured the net NO-N flux, a product of both consumption and 
production, and not solely the flux produced. Some other studies have achieved relatively 
good success when attempting to predict NO-N fluxes under controlled conditions but no 
studies have attempted this using urine-N as the initial N substrate and this work is the first to 
attempt this. 
Both NO-N and N2O-N fluxes were strongly correlated with surface soil pH. When the 
NO-N and N2O-N fluxes were expressed as a percentage of NH4+-N depletion rate, 
exponential and quadratic relationships were observed, respectively 
 
 225
 9.7 Future studies 
 The relationship used here to calculate HNO2 concentrations relied on an accurate 
determination of the appropriate soil pH. The results clearly indicated an abiotic 
component to the NO-N flux. A more detailed examination of the soil pH in relation to 
the whereabouts of the soil NO2--N pool is required. A method needs to be developed 
to measure the soil pH at the micro-scale. 
 Given the inability to observe relationships between NO-N flux and net NH4+-N 
depletion in the field a more detailed examination of the competition for NO2--N 
between abiotic pathways and micro organisms should be performed. A study such as 
that performed in chapter 4 could be performed with and without pasture species 
present, as a further treatment, but under controlled conditions to determine what role 
plants have in affecting NO-N flux variability. 
 The use of sterile soil studies to examine urine-N transformations is problematic since 
the very N transformations resulting in the urine-N patch are biotically driven via 
urease and nitrifiers and denitrifiers. However the use of 15N should be considered as a 
tool to further explore the mechanisms behind the NO-N fluxes. For example 15N 
labelled NO2--N could be added at various time steps (i.e. pH values) to an existing 
simulated urine-N patch and the inorganic-N pools and N gas fluxes determined for 
size and 15N enrichment. 
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